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Introduction

By WALTER T. OLSON

The status of some of the key technology of

the chemical rocket system is reviewed in this
Session. In this review it is hoped that (1) the
current problems in this technology will be
revealed, (2) the fundamental physical prin-

ciples involved m these problems will be made
apparent, and (3) the directions in which solu-
tions probably will fie will be indicated.

A sonde, satellite, space probe, or manned
spacecraft requires for its mission a specified
amount of kinetic energy, more often expressed
as a velocity. With regard to rocket-pro-
pulsion, the speed imparted to the payload de-
pends on just two items: the energy per pound
of propellant and the amount of propellant
that is carried. The former is specific impulse,
is expressed as seconds, and is dependent on
propellant chemistry; the latter is mass ratio

and is dependent on vehicle design. Figure 1
shows the relations. For example, an RP-1
(kerosene)--liquid-oxygen engine in a vehicle
in which 92 percent of the initial weight is con-
sumable could provide a velocity to the payload
of 27,000 feet per second (92 percent is a num-
ber that is commensurate with several large ve-
hicles using this propellant). If the thrusting
is done near the earth, 32.2 feet per second must

be deducted for each second of burning. About
10,000 feet per second must be deducted for a
5-minute launch because of work against
gravity; therefore, 17,000 feet per second is the
net velocity for this example. Other correc-
tions can be ignored for the present purposes.

Of course, one rocket vehicle can be made

the payload on another, larger vehicle---by
staging--to build up the ultimate flight velocity
needed.

The inherent simplicity and instant readiness
of solid propellants makes them useful for
many applications: launching of smaller satel-

]ire payloads, as in Scout; orbital changes or

injection, as in Echo, Tiros, or Surveyor; stage
separation and emergency escape, as in Mer-
cury, Gemini, and Apollo. Their great value
in the military mission need not be detailed.

Over the years since the first asphalt--po-
tassium perchlorate and double-base powders,

the specific-impulse performance of solids has
risen from about 180 pounds per pound per

second to values for today's composite propel-
lants of about 245 seconds (on a 1000-1b/sq in.
chamber pressure basis). Further gains, how-
ever, are difficult. Expenditures of many mil-
lions of dollars in the last half dozen years in
an attempt to find new ingredients for higher
specific impulse have made specific-impulse
values of the order of 300 seconds appear pos-
sible, but probably at the expense of the physi-

cal properties of the grain. Best gains in the
performance of solid rockets have come from
improving the mass ratio. Innovations such as
high-tensile steels, cases wound from high-
tensile glass filaments, and composite structures
for nozzles have boosted propellant loadings
to as much as 0.87 to 0.91 of the vehicle gross
weight.

FIGURE 1.--Rocket vehicle performance.
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Not shown on figure 1, but performing in the

range between solids and RP-l--liquid oxygen,

are propellants like nitric acid and alkyl-hydra-

zine mixtures. Having the advantage of being

liquids at room temperatures, they are useful in

space rockets like Agena, the Mariner course-

correction engine, and the lunar excursion

module of Apollo.

The higher end of performance including
even reasonably stable chemicals, is represented

by hydrogen-oxygen and hydrogen-flourine.

Addition of metals like beryllium or lithium to

these systems improves the specific impulse, but

this approach requ.ires a very high weight frac-

tion of hydrogen, which makes a poor density

for the system, and also adds the complexity of

feeding and burning metal.

For reference, the coming first generation of

nuclear heat-transfer rockets is shown, with per-

formance at 700 seconds for hydrogen at 2672 °

F to 800 seconds at 3500 ° F. With u propellant

density about one-fifth to one-twentieth that of

chemical rockets, with an inherently heavier

powerplant, and with the necessity of shielding,

nuclear heat-transfer rockets as presently con-

ceived have a long, rough, and expensive road

before they will be able to compete in perform-

ance with chemical rockets. Propellant frac-

tions will certainly have to exceed 0.75 of gross

weight. Therefore, chemical rocket systems will

be used for a long time, and it is vital to the

space program that they be made as efficient

and reliable as possible.

The particular propellants to which the dis-
cussion of this Session are directed are RP-1--

....... RP j._-:_.0XY_GF__ HYDROGEN-OXYGEN I:-_C:-!

J-2

188,000 200,000

,,5oo,ooo i:-2oo,ooo

FI(_VRE 2.--NASA chemical rocket engines and pounds

of thrust produced.
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FIOU_ 3.--Chemlcal rocket.

liquid oxygen and hydrogen-oxygen, although

much of what is presented is broadly applicable

to more than these propellants alone. Time does

not permit detailed discussion of other liquids
or of solids. Furthermore, these propellants

are prominent in the several principal engine

programs of NASA as seen in figure _. These

engines are vital to many of our foreseeable

space flights, particularly manned flights.

The H-1 engine is an outgrowth of the Thor

and Atlas engines; a cluster of eight of these

engines drives the Saturn C-1 booster. The

F-1 engine is currently in development and will

power launch vehicles for manned lunar flight.

The three hydrogen-oxygen engines are for

various upper stages of lunar vehicles. They

signify a heavy reliance of the NASA space

program on hydrogen-oxygen. Consequently, a

large technology effort is progreasing on this

combination, which should have its first suc-

cessful flight in lhe Centaur vehicle, powered

by two of the A-3 chambers. The J-2 engine,

in development, is for upper stages of Saturn

for manned lunar flight. The M-i engine is for

still larger launch vehicles.

Figure 3 shows the five topics of the chemical

rocket discussed in this Session: fluid systems,

pumps and turbines, combustion, thrust cham-

bers, and dynamics and controls. The physical

principles, the understanding and mastery of
which are vital to successful engineering of

rocket-propulsion systems, are discussed.
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INTRODUCTION

The use of liquid propellants in chemical

rocket engine propulsion systems, while quite

common, has necessitated the solution of a num-

ber of problems peculiar to rocket vehicles.

Two relatively new areas of application, how-

ever, have presented new fluid physics problems.

These areas are (1) the use of cryogenic propel-

lants in general and (2) the use of liquid pro-
pellants in a space vehicle. This discussion

treats these two new areas of application by re-

viewing the various attendant problems and

indicating the extent of present knowledge.

Figure 37-1, showing a typical liquid bipro-

pellant rocket vehicle, indicates those areas di-

rectly concerned with the physics of the fluid

systems. These fluid systems are composed of

the tankage for the liquid propellants, asso-

ciated internal baffles and diffusers, insulation

surrounding the tanks, and the pressurization

system. Also included are the necessary lines,

control components, and heat exchangers. The

problems existing in such systems may be di-

vided into two categories: those pertaining to

the powered phases of a mission and those per-

taining to the coast phases. Pressnrization and

sloshing of propellants are the two problem

CONTROL _

J-PRESSURIZATION

[]

|

"F_ouRE 37-1.--Problem areas in typical liquid propel-

lant rocket fluid systems.
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areas of interest during the powered phases,

while thermal control and effects of zero gravity
are of interest during coast.

PRESSURIZATION

The first major problem area, pressurization,

exists whether the vehicle is pressure-fed or

pump-fed since a pressurization system of some

kind will always be required. Such a pressuri-

zation system can become a large part of vehicle

dry weight for those space vehicles utilizing

cryogenic propellants for the following reasons:
(1) Liquid hydrogen has a low density, hence

the tanks wi]] be large, and a resultant large

amount of pressurant will be required.

(..9.) There will be a drastic drop in the tem-

perature of the incoming pressurizing gas;

thus, the final gas density will be high, and even

more gas will be required.

The largest problem encountered in the field

of pressurization is the accurate prediction of

pressurant requirements. Such prediction is

difficult because of the complex transient phys-
ical and thermodynamic processes occurring

within the propellant tank. These processes

are shown in figure 37-2.

The heat-transfer processes of primary im-

portance are the heat transferred to the walls,

heat transferred to the liquid, and heat. trans-

ferred to the ullage space vapor and gas by the

incoming pressurizing gas. The mode of inter-

nal heat transfer to the walls and liquid is some

form of free convection; thus, the geometry of

the tank becomes important. The heat trans-

EXTERNAL /

HEAT /
TRANSFER-_

\

! HEAT i'R'ANSFER : _ MASS TRANSFER

•"_'-TO WALLS: : BY CONDENSATION

OR OR EVAPORATION

CONDUCT,ON
_vlOVING INTERFAC_

_HEAT
TRANSFER____
TO LIOUID_

m
LIOUID c$-_,_

FIOUY.E 37-2.--Heat- and mass-transfer processes affect-

ing pressurization during expulsion.

ferred to the ullage gas and vapor is dependent •

on the mixing occurring and hence is a func-

tion of diffuser design (i.e., inlet gas distribu-

tion), propellant vapor density changes, and

pressurant density changes. Heat transfer

from the external environment, from the wall

to the liquid, and by axial conduction is gen-

erally quite small during the expulsion period

but of extreme importance during coasting

periods.

The mass transfer within the tank occurs by
condensation and evaporation at the liquid

interface and wall interface. Generally, it is

assumed that mass transfer, while significant in

small tanks, becomes quite small as tank size

increases. Recent data taken on Saturn tanks,

however, indicate that such mass transfer may

be larger than is _enera]ly assumed. In any

event, the analytical prediction of mass transfer

is perhaps the most difficult task in determining

pressurant requirements. The transient nature

of the processes occurring, as well as the un-

known pressurant and vapor distribution

throughout the ullage space, are only two of the

masons for the task being difficult. Future

mathematical models based on analytical

studies must of necessity include considerations

of mass transfer, with experimental tests being

required to establish the actual magnitude and

mode of such mass transfer, especially for large
tanks.

Because of the transient nature of the various

processes, with system parameters varying in

both time and space, temperature stratification

occurs during expulsion. The stratifica.tion

within the liquid causes a warm layer of liquid

to form at the interface, although the tempera-

ture of the bulk of the liquid remains relatively

constant. Temperature stratifica.trion that oc-

curs within the ullage space varies from the

warm liquid temperature at the inCerface to the

gas inlet temperature at the top of the tank.

There are also concentration gradients through-

out the ullage space of the inlet pressurant, pres-

surant used in previous expulsions, and propel-

lant vapor. These gradients are dependent

upon diffusion effects and degree of mixing,

variables not subject to ready analysis, as well

as history eff_ts (i.e., time of pressurization

prior to expulsion, heat transfer during coast,
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venting during coast, pressurant added in pre-

vious firings of the engine system, etc.).

:ks can be appreciated, an analytical approach

to the problem of predicting pressurant require-

ments is extremely difficult. In general, the

variables affecting the heat- and mass-transfer

processes, and thus influencing pressurant re-

quirements, are (1) pressurant type and state,

(9) propellant type and state, (3) propellant

tank characteristics, (4) expulsion character-

istics, (5) history of the tank and contents, (6)

slosh, vortexing, and diffuser design, and (7)

gravity field. Several methods have been ad-

vanced for predicting pressurant requirements;

however, they are limited in application, partic-

ularly for space vehicles, either because of sim-

plifying assumptions or because many of the

variables are neglected. Better methods, of a

more generalized nature and verified by repre-

sentative experimental data_ will be required in

the fu.ture in order that realistic space vehicles

may be designed.

Another problem concerning pressurization

systems is the selection of a particular system.

The general requirements for a pressurization

system for a space vehicle always include: (1)

lightweight and (2) high reliability, and de-

pending upon the mission, may include (3) re-

start capability, (4) instant readiness, (5) long-

term compatibility with the propellants, and (6)

variable flow capability. Since a multitude of

systems exist that potentially meet these re-

quirements, some type of classification is re-

quired for the process of selection. If systems

are classified according to source of pressurizing

fluid, there are only four major classes.

Roughly in order of decreasing system weight

and increasing system complexity, the classes of

systems are those that use

(1) Stored gases

(9) Evaporated propel]ants

(3) Evaporated nonpropellants

(4) Products of a chemical reaction

The first class is one of the most common,

being used in some form in most of the present-

day liquid-propellant rocket vehicles. Stored

helium system, s typical of this class have high

reliability; compatibility is not a problem; and

there is _ backlog of experience on components.

Some of the parameters influencing the weight

of the system are: (1) storage temperature, (2)

storage pressure, (3) type of g_ expansion, aad

(4) material used for the storage tank.

The second class, using evaporated propel-

lants, is the next most common type of system.

This type of system has been used on several

pump-fed vehicles where the liquid, usually

liquid oxygen, is tapped off downstream of the

pump, vaporized in some convenient heat ex-

changer, and then used to pressurize the propel-
lant tank from which it was obtained. Systems

for pressure-fed vehicles have not been devel-

oped to any extent, but they offer great poten-

tial in weight savings (especially for liquid

hydrogen) and should be studied further.

Evaporated-nonpropellant systems_ the third

class, have not been tested extensively. Indeed,

only two types of systems could be contemplated

as being useful for cryogenics, those using

liquid helium and liquid nitrogen. Each of

these has certain disadvantages, however, that

would generally preclude their use.

The last class, systems using products of a

chemical reaction, perhaps offers the greatest

potential in future weight savings. Gas gen-

erators to generate gaseous products for use in

pressurizing storable propellant tanks have

been developed and flown. Another method,

having undergone a small amount of testing

recently, involves the injection of a hypergolic

(spontaneously ignitible) fluid into one of the

propellant tanks. This permits the reaction to
occur within the tank. The method is attrac-

tive for the liquid-hydrogen tank in particu-

lar, since vaporized liquid hydrogen, if obtain-

able, has a lower gas density than the reaction

products. Although the method is basically

simple, it does present problems of control, es-

pecially of temperature.

The selection of a system from the four

classes for a particular space vehicle depends

not only on the requirements just. discussed, but
also on the tradeoffs involved with other sys-

tems. The development of the more advanced

systems, particularly in the areas of controls,

heat exchangers, components, and materials,

will be desirable in order to give a more valid

basis for the tradeoffs involved.

9
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SLOSHING OF PROPELLANTS

The second major problem area influencing

the use of liquid propellants in rocket vehicles

is propellant sloshing. Oscillations may result,

for example, from the attitude control system
and can exert forces and moments on the vehicle

that cause a shift in the center of gravity.
Figure 37-3 shows a schematic of a vehicle

undergoing sloshing. The propellant sloshing
exerts side forces which, at a maximum, may

reach a force approximately equal to one-quar-

ter of the apparent weight of the propellant.

These side forces not only increase structural

loads on the tankage and supports, but also re-

quire thrust-vector control f_om the rocket

engine. In extreme cases, critical disturbances

to t3id stability of the vehicle may occur. Fur-

thermore, when sloshing occurs, the pressuriza-

tion gas entering the tank may be cooled more

rapidly, and thus more gas would be required.

Still another effect might be the exposure of

the outlet, to vapor. This would result in vapor

entering the flow systems, where it could have
disastrous effects. The alleviation or elimina-

tion of sloshing is, therefore, extremely de-
sirable.

Fig_lre 37-4 shows the slosh-force parameter

as a function of the frequency parameter for a

half-full spherical tank. These parameters are

nondimensionalized and are independent of

tank size or density of the liquid. The solid

curve represents the theoretical results for un-

i

FiGum_ 37-3.--Forces exterted on vehicle during

sloshing.
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FIGURE 37-4.--Effects of control devices on slosh forces

in half-full spherical tank,

restricted nonviscous sloshing. The effects of

various methods of slosh control are shown, and

they are best compared at the first natural fre-

quency at which the largest slosh forces arise.

The first natural frequency is the point at which

the excitation and fundamental frequencies of

the contained liquid are equal.
The most common method to date of con-

trolling sloshing is by placing baffles within the

tank. _Vhile effective, these are seen to be the
worst of three available methods. The second

method utilizes a continuous surface film, such

as obtained by expulsion bags or diaphragms.

This method is more effective than baffles, but

involves problems of compatibility, leakage,

venting, fabrication, and other mechanical

difficulties, particularly for large tanks. Since

expulsion bags also permit displacement of

liquids under zero gravity, however, such an

approach has been used for relatively small-

scale propellant, tanks--slosh control being

gained as a secondary feature. The third
method is the most effective and involves in-

creasing the viscosity of the liquid ; for the case

shown in figure 37-4, the viscosity was increased

from 1 to 920 centipoise. Successful attempts

have been made at increasing the viscosity of so-

called Earth storable propellants by gelling the

propellants and making a thixotropic material

out of the liquid; however, very little progn*ess

has been made in such gelling for cryogenic

propellants. Indeed, the gelling of cryogenics

remains as one of the few fields in which large

advances may still be made.

10
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THERMAL CONTROL OF PROPELLANTS

The third major problem area is thermal con-

trol of the propellants. For cryogenic liquids
the incoming thermal energy must be mini-

mized since such heat input will cause propel-

lant heating, vaporization, and a resulting loss
of propellant by venting. Unless these losses

are small, the potential advantages of using
cryogenic propellants will vanish.

The sources of propellant heating may be

either internal or external with respect to the

space vehicle, as indicated by figure 37-5. The

space vehicle is assumed to comprise four sec-
tions. The payload section contains the instru-

mentation and guidance equipment and must

be maintained at a temperature on the order of

520 ° R. The liquid-oxygen section requires a

temperature of approximately 163 ° R, while

the liquid-hydrogen tank must be maintained

at approximately 37 ° R; the engine tempera-

ture will depend on the type of engine system.

These temperatures may vary somewhat, de-

pending upon the pressure of the propellant,

the type of instrumentation, and the specific
design of the vehicle, but the relative order of

magnitude will remain the same.

Heating due to internal sources is caused by

thermal radiation between the various compo-

nents of the vehicle and by conduction through

propellant lines and structural supports. The

possible external sources of heat are the sun,

the planets and their moons, and the galaxies.
Heat is transferred between the vehicle and

these sources solely by thermal radiation. The

largest external heat flux encountered by a space

GALACTIC
RADIATION SOLAR

'_ RADIATION

PAYLOAD_ _'

_[__--ENGINE

PLANETARY
RADIATION

C$-2Sk&O

FIGURE. 37-5.--Sources of heat input to cryogenic vehicle

in space.

vehicle within our solar system is usually that

which originates from the sun. The heat flux

received from a planet results partly from

planetary radiation and partly from reflected

solar radiation. This planetary heat flux be-

comes greater as the planet, is approached, and,
in some cases, could become of the same order of

magnitude as the solar heat flux. Galactic

heating is negligibly small and is usually

ignored.

In general, interstage conduction is controlled

by using minimum areas and low-conductivity

materials for all components attached to the

tank. Thus, the major problem of heat input

is one of proper control of thermal radiation
due both to internal and external sources. Vari-

ous methods of control of thermal radiation are

available, and they may be classified as orienta-

tion, coatings, and insulations.

By proper orientation of the vehicle certain

sections can shade other sections. For example,

the payload could be pointed toward the sun,

thus acting as an effective external sun shadow

shield for the rest of the vehicle. Also, ar-

rangement is important since the oxygen tank

could act as a shadow shield for the hydrogen

tank, protecting it against internal thermal

radiation from the payload. In any case, how-

ever, some other method of thermal radia-

tion control must still be employed since such

arrangement or orientation will leave at least

one section at too high a temperature for effec-
tive use.

Various inorganic or organic coatings are

available which, by the proper balance of emis-

sivity and absorptivity, permit some equilib-

rium temperature to be attained by the surface

on which the coating is applied. The lowest

temperature obtainable, however, by presently

available coatings, is still much higher than

the temperatures of the cryogenic liquids.

Hence, while useful, coatings will not alone

provide the proper temperature environment

and must be supplemented by other methods of

thermal radiation control.

The best means of control is the use of insula-

tions. Figure 37-6 shows a comparison of

various insulations that are useful for space

vehicles. The product of apparent thermal con-

ductivity and density is used as the means of

_ess2 o--e2_2 1 1
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FIGURE 37-6.--Comparison of insulations for space

applications.

comparison since this product arises when the

basic heat-transfer equation for conduction is

modified to reflect insulation weight. Optimum

insulation occurs when this product is a mini-

mum. The apparent thermal conductivity is
determined from measurements of the net heat

flux across a thickness of insulation, and thus
includes conduction, radiation, and convection

if applicable. Foams are typical of those in-

sulations that restrict the flow of heat primarily
by means of low thermal conduction alone.

Evacuated powder-type insulations not only

have low conduction and very little convection,

but also reduce tile radiant energy transfer and

thus result in a much lower apparent thermal

conductivity than foams. At present, however,

the best of the insulations consists of parallel,
thermally isolated, reflected shields. Such

shields are more effective than powders in re-

ducing radiant heat transfer, and thus are better

insulations for thermal control of propellants

under space conditions. If close together, these
shields are commonly called foils. The so-called

superinsu]ations consist of reflective foils sepa-

rated by very low-conduction materials.

In use, foams are relatively easy to apply to
the vehicle tanks but give high weights of insu-

lation required. The powders require a rigid

jacket around the tank for correct placement,

which increases the weight and causes problems
of settling and the occurrence of voids. Foils

also have an installation problem, as compres-

sive loads reduce their efficiency. Trade-offs,
therefore, between the various insulations must

be made for each particular mission, as well as

for the proper use of each of the methods of

thermal control. At present, however_ the ef-

fects of compressive loads, and techniques of

design, such _ fastening, supporting, and evac-

uation, require more work before valid trade-

offs may be performed.

EFFECTS OF ZERO GRAVITY

The final problem area to be discussed con-

cerns the effects of weightlessness (i.e., zero

gravity) on the liquid propellants. Weightless-

ness will be encountered by space vehicles dur-

ing orbital or space missions, and a knowledge

of the final equilibrium liquid-vapor interface

configuration will be needed to solve the prob-

lems of effective tank venting and proper pump

inlet design. Furthermore, a knowledge of the

modes of heat transfer to stored propellant.q

during periods of weightlessness will also bo
needed.

Control of Interface

For effective control of the liquid-vapor in-

terface the various forces predominating in a
zero-gravity environment must be understood.

Such forces are generally intermolecular in

nature; that is, they are relatively small, are

exerted over a short range, and are independent

of the gravitational field. One such force that

should persist in zero gravity is the surface

tension of the liquid, or, a property associated

with surface tension, the contact angle at which

the liquid meets the solid surface (measured in

the liquid). Another consideration for a zero-

gravity environment actually is based on the

observed characteristic of systems to assume a

state of minimum energy when external forces

are removed. This would suggest that the in-

terfaces, if free to move, would assume some

SOLIDN
0 o

W
N

_5 o

H
IG

CONTACT
155° ANGLE

FI(_URE ,_7-7.--Interface configurations in cylindrical

container as function of gravity field and contact

angle.
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spherical shape, this being the shape representa-

tive of minimum energy.

Figure 37-7 indicates the effect of combining

these two conditions for liquid in a cylindrical

container. Both the 1-g and zero-g configura-

tions are shown, for a range of contact angles.

For the 1-g case the contact angle of the liquid

is observed in the meniscus at the liquid-solid

interface. Upon entering the zero-gravity

state, the contact angle will be preserved, and

the liquid-vapor interface s being free to move,

will adjust itself until a constant curvature sur-
face is reached. In an enclosed container_ of

course, the actual shape of the liquid surface

would not only be determined by contact angle

preservation and considerations of minimiza-

tion of energy, but also by the shape of the con-

tainer and the amount of liquid in the container.

To verify the reasoning used in this analysis

many experimental tests have been conducted at

the Lewis Research Center, primarily in a 2.25-

second-free-fall drop tower. These tests have

verified the predictions in every detail.

Selected photographs taken from motion-pic-

ture data (using high-speed photography) for

a typical test drop are shown in figure 37-8.

This figure shows a 100-milliliter glass sphere

with a liquid- to tank-volume ratio of 40 per-

cent. The liquid in this ease is ethyl alcohol,

which has a contact angle of zero and is thus

representative of the cryogenic fluids. The

photographs represent the conditions at 1 g
and the equilibrium conditions for zero g. It

can be seen that, at 1 g, the alcohol rests in a

pool at the bottom of the sphere. The liquid

surface is essentially fiat. The meniscus is con-

cave, and the liquid contacts the wall at, an angle

of 0% During the zero-g period, tile liquid be-

gins to rise along the wall, and the liquid sur-

face becomes curved. At the equilibrium condi-

tion the result is a completely wetted tank wall

with a spherical vapor bubble in the interior of

the liquid.

The results of the experimental studies, as

l)reviously indicated_ have tended to verify the

prediction that the total surface energy is

minimized in zero gravity. In order to provide

further verification, a definitive analytical

model was studied. This model used a geom-

etry consisting of a hollow tube suspended

LIQUID PROPELLANTS

1 G

13

C-62254

FI6URE 37-8.--Interface configurations of wetting

liquid in spherical container at normal gravity and

during weightlessness. Tank 40 percent full.

within a cylindrical tank, aligned with the

vertical axis, and being open to the liquid at

both top and bottom. An analysis of this con-

figuration_ solving for the minimization of sur-

face energy, indicated that for liquids with con-

tact angles less than 90 ° the liquid will rise in
the tube if the tube radius is less than one-half

the tank radius, will remain level if the tube

radius is equal to one-half the tank radius, and
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FIGURE 37-9.--Effect of tube radius on interface con-

figuration for wetting liquid in cylindrical container.

will fall if the tube radius is greater than one-
half the tank radius.

Experimental tests have been conducted with

wetting liquids in a similai" geometry, in which
the tube radius was varied and the direction of

liquid motion was observed as the experiment,
was subjected to zero gravity. Results of these
experiments are summarized schematically in
figure 37-9 for a liquid with a contact angle of
0°. Sketches of the interface configurations are
shown after equilibrium conditions in zero
gravity have been reached. Three tube radii

(Ro) were used, being respectively less than,
equal to, and greater than one-half the ta_k
radius (RT). These experiments verified the
previous analysis in every detail and provided
proof that the solid-liquid-vapor system will
tend to assume a configuration of minimum
free surface energy when placed in a weightless
environment.

APPLICATIONS

As a result of these fundamental studies, it

appears that the tank systems can be designed
by using suitable internal baffling to position

the liquid-vapor interface properly. The prin-

cipal requirements of an interface control sys-
tem in a propellant tank are that it maintain a

quantity of liquid over the pump inlet, and, if

venting is necessary, that it maintain the main

ullage volume over the vent. The capillary
tube geometry employed in the minimum-sur-

face-energy studies appears to provide a satis-

factory interfa_ configuration in that it locates

liquid over the pump inlet if such a pump inlet,

is placed at the bottom of the capillary tube and

vapor over the vent if the vent is located above
the tube.

The configuration of the liquid-vapor inter-
face in zero gravity, obtained with a standpipe

geometry for two orientations of the container,
is shown in figure 37-10. This figure shows a
100-milliliter glass sphere with a liquid- to
tank-volume ratio of 30 percent. Again ethyl
alcohol (containing a dye for ease of photog-

raphy) is used in order to duplicate cryogenic
liquids having a contact angle of zero. The
capillary tube (or standpipe) has a tube diam-
eter of 33 percent of sphere diameter and a
relative height of 60 percent. The photo-
graphs in figure 37-10(a) indicate the ability
of the liquid to fill the standpipe and the
vapor to form over the vent (if located above
the standpipe) for the case in which the sphere
enters zero gravity at an angle of 0 ° between
the gravity vector and the axis of the stand-
pipe. Figure 37-10(b) is similar, except that
the sphere enters zero gravity at an angle of
90 °, and again the ability to position the liquid
and vapor bubble is shown. Such ability, how-
ever, is very time dependent, and for low fill-

ings a relatively long period of time is re-
quired to properly position the vapor bubble
after zero gravity has been entered at a high
angle to the initial gravity vector.

The standpipe ge_)metry encounters difficul-
ties in positioning the vapor bubble over the
vent at high fillings, however, when the vapor
bubble is small. If the standpipe is made rela-

tively high, there is danger that the bubble
could becometrapped in the annular space fol-
lowing an adverse acceleration. A geometry
that avoids entrapment of the vapor bubble and
urges it to the vicinity of the vent or, conversely,
pmnps the liquid to the bottom of the tank
would be desirable. Liquid can be pumped by
capillary forces from one end of a tank to the

other if tapered geometry is used and suitable

return paths are provided. This principle may

be employed to overcome some of the difficulties

encountered with standpipes at high fillings.

The application of this principle to a spherical

tank is shown in figure 37-il. The tapered

section is formed in this case by offsetting a

second sphere within the first. The geometry
is now such that the vapor bubble obtains its

14
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I G, 0 SEC

0 G; 0.5 SEC 0 G; 0.5 SEC_

I0) 0 G; 1.5 SEC 0 G; 1.5 SEC C-62255

(a) Initial position, 0 ° between gravity vector and standpipe.

(b) Initial position, 90 ° between gravity vector and standpipe.

FzGU_ 37-10.--Movement of wetting liquid in capillary tube ullage control geometry.
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LIO
I G; 0 SEC_

C$-Z5$2_

(a) 1-g configuration.
(b) Zero-g configuration.

FZOVaE 37-11.--Application of tapered section principle

t_) spherical tank.

most nearly spherical shape under the vent but

cannot become completely spherical even for

fillings of 95 percent. The result is the move- 0 G; 0.8 SEC
ment of the bubble to the vent from any start-

ing position. The ability of this geometry to
move the vapor bubble is shown in figure 37-12;

the vapor bubble is initially 90 ° away from the

vent but is pumped toward the vent by capillary

action when zero gravity is entered. In this

experiment, the outer sphere has a volume of

100 milliliters. The inner sphere is 60 percent

of the diameter of the outer sphere, which

forms a tapered annular section around the

inner sphere. The liquid is again ethyl alco-

hol, and the liquid- to tank-volume ratio is 95

percent.

While the experiments to date have indicated

that the liquid-vapor interface can be ade-

quately controlled, two questions remain to be 0 G; I./,

answered. The scaling parameter of time must

be further studied, and the amount of accelera-

tion to disrupt a surface under zero gravity
must be known. Acceleration disturbances

(crew movement, orientation maneuver_ etc.)

may cause the liquid and vapor to be improp-

erly oriented, and thus an unknown length of

time may be required for proper positioning.

Heat Transfer

Another problem on which further research

is needed is that of heat transfer under weight-

less conditions. The mechanism of heat input

to a tank under space conditions corresponds

to that of a classical pool-boiling situation, the

various regions of which are shown in figure

37-13 for a 1-g field. The coordinates are heat

C-62255

FIGURE 37-12.--Movement of vapor bubble in tapered-

section ullage control geometry. Initial position, 90 °

from vent; wetting liquid.

16



FLUID PHYSICS OF LIQUID PROPELLANTS

flux plotted as a function of temperature dif-
ference.

The heat-transfer regions start with conduc-

tion at very low flux, and, as flux is increased,

progress through convection and nucleation,

and finally, at very high flux, to the mechanism

of film boiling. The regions of convection and

nucleation may be substantially affected by the

loss of gravity. Convection currents should

certainly be absent in • zero-gravity environ-

ment, although residual currents might persist

for some time; however, the nucleation picture

is less clear. The velocity of bubbles through

tile liquid depends on the gravity field. If the

velocity becomes zero because of loss of buoy-

ancy, the nucleation region may be replaced by

a film mechanism of boiling. This situation

would be predicted by a proposed nucleation

concept, that is gravity dependent. A nuclea-

tion model has been proposed, however, which

is independent of gravity in that bubbles are

removed from the surface by a flow field set up
around tile bubble because of its rate of expan-

sion. If this model is correct, the nucleation

region should be relatively unaffected by a zero-

gravity environment, and this region would

probably extend down to cover the convection

region.

A series of experiments using liquid hydro-

gen has been performed by General Dynamics/

Astronautics in which the heat transfer in the

nucleate range as a fmlction of temperature

difference was measured at 1-g and zero-g con-

ditions. Results of this study are shown in

figure 37-14. These results indicate that zero

HEAT FLUX,

q/A

(LOG SCALE)

r-CONDUCTION

-CONVECTION
_NUCLEATE

f
TEMP DIFFERENCE, THEATER--TBuLK (LOG SCALE)

FIG{TEE 37-13.--Typical pool boiling charcteristics for

1-g field.
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FIOURE 37-14.--Comparison of 1-g and zero-g liquid-

hydrogen heat-transfer characteristics for nucleate

boiling range. Small, directly heated metal speci-

mens in pool of liquid hydrogen.

gravity has little effect on heat transfer in the

nucleate region, which supports the nucleation

model that is independent of gravity. The

scaling parameter of time, however, among

others, is probably quite important, in these

experiments, and much more work in this area
is needed in order to extend our knowledge of

heat transfer processes to the zero-gravity
situation.

The primary effect of the heat-transfer mech-

anism for cryogenic liquids is the pressure rise
within the container. This problem could be

serious in a long term coasting situation. In a

normal gravity field, convection currents and

high bubble velocities cause most of the heat to

13o delivered to the gas space, which causes an

abnormal pressure rise and thus excessive vent-

ing. The heat sink capacity of the liquid,
which is considerable in the case of cryogenic

propellants, is lost. In a zero-gravity field, if

the conduction and nucleation regions are re-

placed by a film process, again most of the heat

will be delivered to the gas, and the heat sink

capacity of the liquid will be lost. If the grav-

ity-independent nucleation concept is correct,
however, the nucleation continues, but at re-

duced bubble velocity. Thus more time is

available for bubbles to condense as they move

through the liquid, more heat is delivered to

the liquid, and a lower pressure rise results.

Since the available data tend to su,pport the

gravity-independent nucleation concept, it

would appear that less pressure rise will be

experienced in zero gravity than under normal

17
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gravity. The magnitude of this effect is still

relatively unknown, however, and warrants

further study.

CONCLUDING REMARKS

In summary, four problem areas primarily
involving the use of cryogenic liquids in space

vehicles have been briefly discussed. Some an-

swers exist for these areas, but further work,

of both a fundamental and an applied nature, is

required. In particular, more detailed in-

formation is needed on the physical and thermo-

dynamic properties for the liquids of interest.

Furthermore, the areas of heat and mass trans-

fer need better definition under conditions pe-

culiar to a space vehicle.

The problem areas of fluid physics as outlined

are not the only areas of interest today, and,

as space flights become more ambitious, even

more areas requiring study will appear. In-

deed, the successful operation of space vehicles

must depend upon future solutions to these and

other problems.
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INTRODUCTION

As the missions in the space program become

more difficult, a wide range of new requirements

are placed on all components of both chemical

and nuclear rocket engine systems. The advent

of manned space flight has resulted in stringent

requirements on the reliability of all rocket com-

ponents in an effort to eliminate catastrophic

engine failure. The trend toward larger booster

engines and higher engine operating pressures

has required increased size and pressure produc-

ing capability of the turbopump units. The

smaller thrust engines used to provide thrust in

space as well as in landing and rendezvous

maneuvers require that the turbopumps per-

form satisfactorily over a wide range of thrust

levels (engine throttlability) and, in addition,

provide multiple restart capability. The pump-

ing systems for these engines must respond

nearly instantaneously to demands of the con-

trol system even though tim propellants may

have been stored for long periods in the space

environment. For some of the new engines

there is the requirement that the pump accept

the propellants from the tank at or near their

boiling points.

Further complexities exist in the development

of pumping machinery for future rocket en-

gines. Statistics have indicated that about one-

third of the effort in a rocket engine develop-

ment program is devoted to the turbopump.

Because the development of the turbopump is

a long process, it is often necessary to establish

many of the engine parameters long before

turbopump test data are available. If the tur-

bopump does not achieve the performance

assumed in establishing engine performance

parameters, a complete redesign involving ex-

pensive and critical time delays may be neces-

sary. In the past this problem has been handled

by overdesigning the turbopump to meet pos-
sible deficiencies. Because of the new require-

ments placed on the turbopump, desigll

parameters are being pushed closer and closer to

limitations set by the present state of technol-

ogy. Therefore, there no longer exists sufficient

margin for overdesigning to satisfy possible

deficiencies showing up in the development

phase. As a result, it is necessary to improve

pump design techniques to meet the increased

requirements with assurance that a suitable tur-

bopump will result.
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FIGURE 38-1.--Chemical-rocket pumps and turbine.

From figure 38-1, some of the general func-

tions and requirements of the turbopump in a

chemical rocket system may be inferred. In

general, the propellant must be moved from the

low-pressure tank to the high-pressure engine

system. The propellants are usually stored at
low pressures for minimum tank weight, and

boiling or cavitation m,_y occur in the fluid sys-

tem wherever the pressure is further reduced by

velocity increase. The pump must be capable

of ingesting such vapor and still increasing the

pressure of the propellants. Furthermore, the

propellants must be delivered to the engine

without pressure or flow fluctuations that could

result in a thrust fluctuation or possible destruc-

tive engine instabilities. The power for pump-

ing the propellant must be developed by a tur-
bine. The exhaust from the turbine develops a

relatively small thrust, and thus the flow

through the turbine must be minimized to avoid
a sizable reduction in engine specific impulse_

the energy release in pound-seconds per pound

of propellant.
This paper covers three topics pertinent to

the turbopump :

(1) Pumping under cavitating conditions

(9) Flow stability in high-pressure pumps

(3) Turbine drives with high-energy propel-
lants

The discussion mainly concerns hydrogen or

hydrogen-oxygen turbines and pumps. It is ap-

plicable_ in general, to modern turbomachinery

¢,eMICAL eOCKEr eeOeULSION

for all rocket propellants and to both chemical

and nuclear rocket systems.

PUMPING UNDER CAVITATING CONDITIONS

In general, when the pump must operate
with the inlet fluid very near the boiling con-

dition_ vapor forms in the pump inlet. The

formation of vapor bubbles and their subse-

quent collapse as the fluid is exposed to boiling

or vapor pressure in low-pressure regions of the
flow is referred to as cavitation. The inlet por-

tion of the pump must be capable of increasing

the pressure to suppress the boiling even when
the flow contains some vapor. Several methods

of approaching the cavitation problem are

illustrated in figure 38-2. In the upper left

sketch of figure 38-2 an inducer stage is added

to the pump. This stage is designed to operate
under cavitating conditions and increases the

pressure sufficiently above the vapor pressure so
that the main-stage pump is not affected by

cavitation. This can also be thought of as a

prepumping stage raising the pressure in the
line ahead of the main pump rather than in-

creasing the pressure in the entire tank to sup-

press boiling. The lower ]eft sketch illustrates

an inducer stage ahead of an axial-flow pump.

The upper right sketch illustrates a pump in

which the inducer is integral with the main

stage of the pump. In this type of pump the

design must avoid interactions between the

SEPARATE
INDUCER

_CENTRIFUGAL

AXIAL

' D ER(

SEPARATELY DRIVEN
BOOST PUMP

C$-ZS&65

Fi(_vm_ 38-2.--Pump and inducer configurations.
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cavitation and the blade loading necessary to
obtain high pump pressure rises. In each of
these three configurations either a separate in-
ducer or an inducer portion of the pump is
utilized to obtain energy addition or pressure

rise even under cavitating conditions. In each
case the inducer is operated at pump speed. If
the inlet conditions are too close to fluid vapor
pressure to obtain the necessary suction perfor-
mance in this manner, it is necessary to add a
low-speed booster pump ahead of the high-
speed pump. Such a configuration is shown in
the lower right sketch of figure 38-2. The
booster pump may be driven by a variety of de-

vices, including gears, an electric motor, and
gas or hydraulic turbines. _Vhether a high-

speed or low-speed cavitating pump inducer is
utilized, it is necessary to understand the vapor
formation within the pump rotor and to find
ways to minimize the formation of vapor and
the effect of these vapor formations on the
pressure production capability of the pump.

Vapor forms when the low-pressure regions
of a pump rotor are at or below fluid vapor
pressure. The low-pressure regions exist in
vortices formed with tip or corner flows and on
the low-pressure portion of the pump blades.
Figure 38-3 shows two pump blades rotating
in the downward direction with the relative flow

entering from the left. The high- and low-
pressure portions of the blade are indicated by
plus and minus signs. The integrated differ-

ence in these pressures reflects the level of en-

ergy addition to the pumped fluid. As a result
of this pressure difference there is a flow in the

T Z
ROTAT,0N L0W/ l

ROTATION
CS-25_60

FIGURE 38-3.--Vortex formed because of flow through

tip clearance space.

,c-BUBBLE
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FIGURE 38--4.--Vapor formation at blade surface.

clearance space, as indicated in the lower left
sketch of figure 38-3. At the intersection of
the crossflow and the through flow, a vortex is
formed. The center of this tip vortex forms

a line at an angle to the inducer blade depending
on the relative velocity of the through flow and
the crossflow. The center of this vortex is a low-

pressure region in which vapor first forms. As
the inlet pressure is lowered further, vapor
forms in the region of the crossflow and closes
in the region between the blade and the tip vor-
tex and thus completely obscures the view of
the vaporous regions on the low-pressure sur-
face of the inducer blade.

The vapor formation on the blade surface

can only be observed by viewing the inducer
from the upstream direction. In this manner

a view under the tip vortex can be obtained.
The blade surface cavitation forms in one of

two configurations shown in figure 38--4. The
right sketch illustrates a cavity region forming
on the blade leading edge and closing on the
low-pressure surface of the blade. This type
of vapor formation occurs when vapor pressure
occurs at the blade leading edge. When the
leading-edge shape is optimized so that fluid

vapor pressure first occurs some small distance

back from the blade leading edge, streamers of

bubbles occur along the low-pressure surface of

the blade. This latter type of vapor configura-
tion is illustrated in the left sketch of figure

38--4. Under normal operating conditions very

little difference in performance exists as a result

of the type of blade surface cavitation, but

rather is determined by the degree of cavitation.

25



CHEMICAL ROCKET PROPULSION

(o

(¢
C-62099

26



NEW PROBLEMS ENCOUNTERED WiTH PUMPS AND TURBINES

In either case, the vapor region is very close to

the blade surface, and the blade surface pressure

is very nearly fluid vapor pressure.
Basic research on cavitation can be done most

easily and inexpensively in water with verifi-

cation tests using the actual propellants. A

series of photographs illustrating a pump in-

ducer and the various types of vapor formation

that are observed in water is shown in figure

38-5. The helical inducer that was operated

in the Lewis water tunnel with a transparent

housing is shown in figure 38-5(a). The di-
rections of rotation and flow are indicated in

the photograph. The orientation of the in-
ducer blades to the flow is similar in the follow-

ing five photographs, selected to illustrate the

cavitation configuration discussed in connection

with the sketches in figures 38-3 and 384.

The photograph shown in figure 38-5(b)

illustrates the formation of cavitation vapor

in the center of the tip vortex. The side of the

inducer blade being viewed is the low-pressure
surface. Thus, the cross-flow is normal to the

blade toward the lower right direction, and it

causes the tip vortex to form as shown. Over

the forward portion of the blade some vapor

forms in the crossflow, and the tip vortex

appears nearly attached to the blade. Vapor

is then confined to a narrow region of the vor-

tex. When this process is viewed as a movie,

there is a slight oscillatory motion of the tip

vortex. Figure 38-5 (c) illustrates the tip vor-

tex and crossflow vapor formation as the inlet

pressure is lowered toward fluid vapor pressure.

The blade tip and the tip vortex form the edges

of the vaporous region. Under these condi-

tions the vapor extends to only about 1/_ inch

from the outer housing. Any surface cavita-

tion that may exist on the low-pressure surface
of the blade is not visible unless the camera is

placed in a more forward position so that a view

under this tip cavitation can be obtained.

(a) Orientation of helical inducer.

(b) Formation of tip vortex cavitation.

(c) Cavitation in tip vortex and crossflow region.

(d) Cavitation appearing as streamers on blade low-

pressure surface.

(e) Blade surface cavity at moderate inlet pressure.

(f) Blade surface cavity at lower inlet pressure.

FIGURE 38-5.--Visual studies of cavitation on pump
inducer in Lewis water tunnel.

Figure 38-5(d) was selected to show the for-

mation of streamers of vapor bubbles on the

low-pressure surface of the pump inducer blade.

(_Vhite tufts of yarn used to indicate tip eddy

flows are shown on the inside of the transparent

housing. These yarn tufts are not significant to
this discussion and should not be of concern.)

The streamers of bubbles appear to start at

various points on the blade surface some

distance behind the blade leading edge and exist
at all radii. The number of streamers and the

length of the streamers increase as the inlet

pressure is lowered toward fluid vapor pressure.
When streamer cavitation is viewed as a movie,

streamers seem to appear and disappear at ran-

dom_ even though overall cavitation conditions

appear to be constant.

Figures 38-5(e) and (f) were selected to

illustrate a cavity region on the low-pressure

surface of the pump inducer blade. The cavity

begins at, the blade leading edge and extends
some distance along the blade. Lowering the

inlet pressure toward fluid vapor pressure in-

creases the length of the surface cavity. The

surface of the cavity is "dimpled" in such a

manner as to reflect light as bright points. The

closure of the cavity also appears very bright

because of the light reflection. When surface

cavitation is viewed as a movie, the cavity

closure point is noted to oscillate slightly for-

ward and backward along the blade. With

either type of surface cavitation the vapor for-
mation is confined to a relatively narrow region
from the blade suction surface with an esti-

mated thickness comparable to blade thickness.

It is necessary to relate the vapor formation

as inlet pressure is lowered toward fluid vapor

pressure _o the blade pressure distributions that

control the energy addition to the pumped fluid.

The sketch in figure 38-6 shows two blades

moving downward with the relative flow from

the lower left. The torque force being exerted

on the fluid is related to 'the summation of the

pressure difference on the high- and low-pres-

sure blade surfaces. In this sketch a vaporous

region is shown to exist on the low-pressure sur-

face of the blade. Tip vortex cavitation is not

shown since this constitu'tes a blockage effect on

the through flow rather than a major effect on

the blade pressure distribution (especially if the

8o65s2 0---62--3 27
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I_IOUBE 38-6.--Effect of cavitation on blade pressure
distribution.

flow some small distance away from the blade

tip is considered). The pressure distribution

along 'the length of an inducer blade is sketched

in figure 38-6(a). The mean pressure line at

the inlet represents the inlet static pressure.

The large pressure difference (high- to low-

pressure blade surface) near the inlet is due to

some angle of incidence between the inlet flow

and blade mean angle. The pressure difference

gradually decreases as the mean pressure ap-

proaches the discharge pressure. The cross-

hatched region is the region below fluid vapor

pressure. Pressure distributions of this gen-

eral nature were utilized for pump inducer

blades, and performance was not affected when

the lowest blade surface pressure was at vapor

pressure. In fact, in operation the inlet pres-
sure can be lowered so that the indicated low-

pressure point will be well below vapor pres-

sure (assuming that the pressure distribution
remains the same) before changes in perform-

ance are experienced. As the inlet pressure is

lowered, the portion of the pressure distribution

curve that would fall below the fluid vapor pres-

sure line (as indicated by dashed lines in fig.

38-6(b) ) probably does not exist. If the pump
inducer is to continue to deliver the fluid to the

discharge pressure, it is necessary for the pres-
sure difference over the blade to increase in the

rearward portion of the blade (solid lines), and

for _he total pressure loading to be sufficient to

'tchieve the required head rise. Thus the in-

ducer can continue to maintain the discharge

pressure or head rise as long as the overall pres-

sure loading can be maintained by redistribu-

tion rearward as the inlet pressure is lowered

toward vapor pressure. This process can con-

tinue as long as the pressure gradient at the rear

of the low-pressure blade surface can be

achieved. _Then the fluid can no longer be de-

livered at the desired discharge pressure, the

energy addition (area within the pressure load-

ing diagram) decreases. This condition is illus-

trated in figure 38-6(c), and under these con-
ditions the inducer will produce only a small

head rise. The original or noncavitating blade

pressure distribution is shown as a dotted line

in figures 38-6 (b) and (c). The area of the

pressure loading distributions represented by
the solid line of figure 38-6(b) is meant to be

essentially the same as that shown by the dotted
curve. It should be noted that vapor formation

just, begins at, the inlet pressure shown in figure

38-6 (a) and that the length of vapor formation

will increase from figure 38-6 (b) to 38-6 (c), as

noted in figure 38-5.

The pressure loading diagrams can be re-

lated to pump indu_r performance by com-

parison with figure 38-7. In this figure the

head developed is plotted against the head above

vapor pressure at the suction side of the pump.

Condition A, where vapor first occurs on the

inducer blade, on the solid curve exists at a

sizable pressure above vapor pressure. It can

be noted that tip vortex cavitation exists at

inlet pressures well above point A. The vapor

cavity continues to grow without affecting the

inducer head produced as the inlet pressure is

I, HYDRO .... --

_ HEAD _"'- --

RISE I

__(  EssuRE 1

!........._ WATEr,
i

FIGURE 38-7.--Cavitation performance of pump inducer

in water and in liquid hydrogen.
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lowered to B. At lower inlet pressures corre-

sponding to point C the pump inducer head rise

falls off very rapidly. From the comparison it

is concluded that the flow model description is

suitable for inducers operating in water (solid

line in fig. 38-7).
The cavitation performance of a given in-

ducer in hydrogen may be vastly different from
that obtained in water, as indicated by figure

38-7. As the inlet pressure was lowered at some

point, the inducer head developed in water

dropped off rather rapidly. In hydrogen, how-

ever, the head produced did not decrease dras-

tically, even though the inlet pressure was re-

duced to vapor pressure (NPSH=0). An ad-

ditional concept must be introduced into the

blade loading diagram considerations to ac-

count for this large fluid property effect en-

countered with liquid hydrogen. These con-

cel)tS are illustrated in figure 38-8. The sketch

on the left shows the pressure distribution pre-

viously discussed at an inlet pressure just above

that at which a performance loss would be expe-
rienced. It is believed that this is the type of

performance encountered with water. The in-

let static pressure is shown slightly higher than
the inlet fluid vapor pressure. The inlet head,

or total head, must be higher to account for the

fluid velocity head at the pump inlet. (The
term NPSH, inlet head above inlet fluid vapor

pressure, is usually used to describe the inlet

performance and is indicated in fig. 38-8.) On

the other hand, other fluids, such as hydrogen,

indicate a marked tendency to maintain some

of the pressure loading below the inlet vapor

pressure level. Several possible effects can oc-

cur to allow this low-pressure region to exist:

WATER HYDROGEN

INLET TOTAL INLET TOTAL
HEAD INLET HEAD
(PRESSURE)- VAPOR (PRESSURE)_

/ HEAD /

[ (PRESSURE}-_ /

HEAD I t / "_/ I /

'P"E  ORE)/,'/ //,, //
,' , ,l//

BLADE LENGTH BLADE LENGTH

CS-25._56

t_o_ 38-8.--Fluid property effects on blade-loading
distribution.

WITH PUMPS AND TURBINES

(1) lower local fluid vapor pressure as a re-
sult of temperature drop due to fluid evapo-

ration, (2) vapor and liquid with relatively

similar densities and thus a relatively large

pressure gradient that can be supported by a

vaporous region, (3) fluid tension effects that

retard the tendency to cavitate, and (4) rates of

phase change relatively different between fluids.
One or more of these effects or others not

indicated may occur to allow the blade pressure

to drop below the fluid inlet vapor pressure.
The net result is that the inlet pressure can be

lowered further without experiencing a loss in

head producing capability. The right sketch

figure 38-8 illustrates a case where the tank head

and vapor pressure are coincidental. The

_mount that the inlet pressure can be lowered

without reaching the limiting pressure gradient

or the effectiveness of the pressure diagram that

must exist below the i_let vapor pressure is a

resul.t of the thermodynamic properties of the

fluid and thus is termed thermodynamic sup-

pressi.on head (TSH), _ illustrated in figure
38-8. It is likely that the TSH effects are

present in all fluids, but they are relatively small
in water and relatively large in a fluid such as

hydrogen. It may be feasible to incorporate
the TSH effec_ into the equations for suction

specific speed S_ and blade operating cavitation
number k in the following manner:

Suction specific speed :

N_fQ _. NvrQ
S,= (NPSH)3/4 (NPSH+TSH)3/4

where N is rotational speed in rpm, and Q is

the flow rate in gallons per minute.

Effecti_ve cavitation number:

k h,--h, h,--h,+TSH

=l/2p(Vi) 2_ 1/2p(V/)*

where h, and h,p are the fluid static head and

fluid vapor head at the inlet, respectively, and

1/2p(Y[) 2 is the inlet relative velocity head.
It can be noted that for the performance pro-

duced in hydrogen as shown in figure 38-7 the

suotion specific speed term is infinity and the
cavitation number becomes zero or negative,

none of which are meaningful unless appro-

priate fluid property effects (TSH) are
included.
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FRACTION __

i REDUCTION OF FLUID VAPOR H_AD --

FIOURE 38--9. Reduction of fluid vapor head due to

hydrogen thermodynamic properties.

A thermodynamic chart that illustrates the

basis for the difference in cavitation perform-

ance between liquid hydrogen and water is

shown in figure 38-9. This theoretical plot

shows the thermodynamic changes that occur

when evaporation of part of the flu, id reduces

the vapor pressure and temperature of the liq-

uid-vapor mixture. The ratio of vapor volume

to liquid volume is plotted against the reduction

in fluid vapor heat that occurs for evaporation

from several initial liquid-hydrogen tempera-

tures. Contours of the corresponding constant

vapor weight fractions are also indicated. The

interesting conclusion from this chart concerns

the large reduction in fluid vapor pressure that

can be achieved with a relatively small amount

of evaporation. For example, if only 0.016 of

the weight fraction of a quantity of hydrogen

adjacent to the low-pressure surface of the

blade were evaporated from an initial tempera-

ture of 36 ° R, equal volumes of liquid and vapor

would result in the local region, and the local

vapor pressure would be reduced about 100 feet

below that of the fluid generally. This local re-

duction in vapor head corresponds approxi-

mately to the low-pressure curve shown in fig-

ure 38-8, the average of which corresponds ap-

proximately to the value of TSH: This analyti-

cal approach appears to be at least qualitatively

useful in explaining the phenomenon. The re-

quired vaporization can occur locally in the

region where vapor head reduction is specifi-

cally needed without subjecting the entire flow

passage to a large volume of vapor. The

amount of TSH _hieved from this process de-

pends on how effectively the various factors are

utilized on the pressure loading diagram of a

given pump blade design.

Better understanding of the hydrodynamic

principles and the internal flow conditions dur-

ing cavitation is necessary. Further research
to determine definitive values of the hydro-

dynamic and thermodynamic interactions dur-

ing cavitation will allow the designer to take

full advantage of these principles.

HIGH-PRESSURE PUMP STABILITY

The problem of pump flow stability will be

approached by noting the effects illustrated in

figure 38-10. The variation in head rise with

flow is shown in the upper left sketch of figure

38-10. At some low flow value the pump and

system operated with violent pressure fluctua-
tions and are said to have been stalled. Even in

what appears to be a good region of flow, how-

ever, the pump head rise varied with time, as

shown in the upper right sketch. The ratio of

peak-to-peak variation in pressure head to the

head rise in general Hp.JAH varies w_th both
the flow rate and the suction heart above vapor

pressure in the manner indicated by the lower

sketches in figure 38-10. These pressure

fluctuations are a result of unsteady flow con-

figurations such as flow eddies. If the flow

eddy exists near the pump discharge, and thus

affects energy addition, the variation with Q

can be expected to be a major factor. On the

other hand, if the eddy condition exists near the
inlet and can interact with cavitation, the

variation shown with inlet head above vapor

pressure can be expected to be large.

HEAD I_SL

\ RISE ]_

FLOW,

V V.-_

Hp_p

TIME

FLOW, _ NPSH _ CS-ZSL.6,T,

FIGURE 38--10.--Pump discharge pressure fluctuations

due to unsteady flow conditions.
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Before discussing the internal flow condi-
tions which may affect pump stability, it would
be well to describe the overall characteristics

of hydrogen pumps. The pump shown in
figure 38-11 is a research hydrogen pump rotor
under investigation at the Lewis Research
Center. When operated at 40,000 rpm (tip
speed of about 1100 ft./sec) the power required
to drive this rotor is of the order of 6000 horse-

power. The pressure rise from inlet to outlet

FIGURE 38--12.--Effect of passage pressure and velocity

distribution on pump performance.

FIo_ 38--ll.--Large flow hydrogen pump rotor.

under the conditions described is about 1000

pounds per square inch. High pressure and

velocity gradients within the pump rotor are
necessary to achieve this large transfer of
energy from the rotor to the pumped fluid.
The following discussion will consider the
effects of excessive flow gradients within the

pump rotor, and some of the methods of avoid-
ing excessive flow gradients will also be
indicated.

The velocity distribution between blades on

a pump rotor is illustrated by the sketches in

figure 38-12. The blades are presumed to be

rotating to the right so that the high- and low-

pressure surfaces of the blade are as indicated
in the figure. A mean flow velocity exists near
the passage center, a high velocity is associated
with the low-pressure surface, and a low ve-
locity is associated with the high-pressure blade
surface. Such a velocity variation is necessary
to achieve the energy transfer to the pumped
fluid. At a slightly reduced flow, however, or
in another design in which the mean velocity is
reduced but a similar velocity distribution from
blade to blade is required, the low-velocity flow

may be reduced to zero or reversed flow may
occur. The sketch on the right in figure 38-10
indicates a case in which reverse flow occurs

over a portion of the passage. Such regions of
reverse flow result in the formation of a flow

eddy as illustrated by the flow streamlines
shown in figure 38-13 (left sketch). If the
flow eddies are of sufficient size, they may be-

come unsteady. This unsteadiness may result

from pressure fluctuations originating in the

system external to the pump or those associated
with the rotor blades passing the volute tongue.
In this manner the small pressure fluctuations

ROTATION

FLO._...._W

FLOW EDDIES IN

FLOW EDDIES IN RADIAL PUHP INDUCERS

PUHP BLADING
C$-25t,65

FmURE 38-13.--Aspects of unsteady flow in pump
rotors.
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in the system may become amplified as a result
of unsteady eddy flow conditions within the

pump.
The right sketch in figure 38-13 shows a flow

eddy that can occur in an inducer or axial-flow
pump stage. The flow distribution at the rotor
discharge must be such that, with the radial
distribution of energy addition and flow losses,
simple radial equilibrium exists. This usually

requires that there be a radial outward shift of
mass flow as the inducer is operated at reduced
flow rates. The result is the formation of a flow

eddy as shown at the discharge of the rotor hub.
The accompanying streamline curvature can
result in a simultaneous flow eddy near the rotor
tip at. the inlet. This type of flow eddy can

also be involved in causing pressure fluctuations

in a pump rotor similar to those described

previously. Flow eddies can be avoided in de-

sign if additional blades are added to reduce
the blade-to-blade velocity variation indicated

in the left sketch of figure 38-13 or if the

through flow velocity is increased to avoid zero
flow velocities. In the case of the axial-flow

configuration it may be necessary to reduce the
overall loading to avoid premature flow eddies.

The design restrictions resulting from these
considerations may reduce the potential overall

pump performance or efficiency but may be the

cg,mpromises necessary to obtain stable opera-
tion over the desired flow range.

I
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(a) Flow streamlines in plane of axis.

Fiaurm 38-14.--Impeller velocity gradients calculated

by stream-filament solution.
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(b) Blade-to-blade solution.

FI(}VRS. 38-14 (Concluded).--Impeller velocity gradients

calculated by stream-filament solution.

One of the approximate theoretical methods
of determining velocity distributions within an
impeller is the stream-filament method. This
method was utilized in the design of the pump
rotor shown in figure 38-11. The calculated
streamline flow and the velocity distribution
on the blades are shown in figure 38-14(a).
The streamlines are calculated in the axial plane

by the previously mentioned stream filament
solution. This assumes that the flow is at the

blade angle and is symmetrical in the axial
plane. It is assumed that the pressure varies
linearly from blade to blade about the mean
of the passage. By this approximation, which
has been shown to be reasonably good for many
cases, the blade surface velocities are calculated
as shown in figure 38-14(b). The mean ve-
locity at the rotor tip is shown to decrease
slightly. The high- and low-velocity surfaces
of the blade are displayed above and below the
mean passage velocity. The rotor hub velocity
is somewhat lower than the tip velocity. The
low blade surface velocity along the hub can

be kept from becoming zero by the addition
of splitter vanes at several stations through the

impeller. A mathematical relation between

eddy size and flow stability is not as yet avail-

able except that it is known that pumps which

experimentally exhibit large pressure fluctua-
tions also indicate extensive eddy regions when

this type of solution is used to calculate internal

velocity distributions.
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FIGURE 38-15.--Specific-heat comparison for turbine
drive gases.

TURBINES FOR HIGH ENERGY

Hydrogen pumps require high power levels

to move the liquid to the high-pressure engine.

This results because a low-density fluid such

as liquid hydrogen requires pumps of very high

head rise (for a given pressure rise) and power

is proportional to head rise. Compensating for

this is the fact that hydrogen-rich gases have

a very high heat content. This is illustrated

in figure 38-15, where the specific heat of RPI

(kerosene) oxygen, hydrogen-oxygen, and pure

hydrogen gas are compared. The H_-O_ con-

tains 3% times the thermal energy of RPI-O2

and the H: contains about six times the thermal

energy of RPI-O2. The problem becomes one

of obtaining turbine geometry that extracts

these high specific energies at reasonable tur-

bine efficiency.

Turbine efficiency is shown in figure 38-16

plotted against the turbine speed-work param-

eter. A decrease in this speed-work param-

eter occurs as more energy is extracted from a

.4
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I
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FIGURE 38--16.--Turbine-efficiency considerations for
high-energy propellants.
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given mass of working fluid passing through

the turbine. Thus, as shown by figure 38-15, a

single-stage turbine experiences a decrease in ef-

ficiency as more specific energy of the working

fluid is extracted. An approximate region of

performance of a turbine for hydrogen-oxygen

gas is indicated as well as the anticipated per-

formance of a hydrogen gas turbine. The tur-

bine performance curves for different numbers

of stages are anticipated as a result of reducing

the work extracted in each stage. The con-

tours for the various propellants are only meant

to indicate that, if reasonable turbine efflcien-

cies are to be obtained, it is necessary to use a
considerable number of turbine stages for the

high-energy propellants.

In practice the achievement of the perform-

ance levels indicated in figure 38-14 requires

the use of a sophisticated aerodynamic as well

as mechanical design. Both the stators and the

rotors must utilize a three-dimensional design

technique similar to that described in the previ-
ous sections. The blade-surface diffusion must

be controlled to suitable limits. The previous

discussion shows that the turbine requirements

cannot be met with a simple unsophisticated

design.

The need for multistage turbines also results

in increased mechanical problems. For ex-

ample, large thrust unbalances can be encoun-

tered that must be handled by thrust bearings

or balance pistons. Critical speeds of the run-

ning gear may occur in the region of design

speed as a result of the larger rotating masses.

The pressure drop over these multistage tur-

bines may be very large and thus be accom-

panied by a very large expansion in flow area or

blade height through the turbine. The value

of obtaining high turbine efficiency is empha-

sized by the fact that the propellant bleed rate

for turbine drive is inversely proportional to

turbine efficiency. Since the drive fluid must

be hydrogen-rich to hold the temperature to

levels that the rotating parts can tolerate and

the turbine exhaust is low in propulsive energy,

a low turbine efficiency will result in a large in-

crease in hydrogen tank size and a decided de-

crease in overall specific impulse. Because of

the low density of hydrogen, the tankage and
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system are large and heavy. Each pound of hy-
drogen carried into space must be utilized to
its fullest extent.

SUMMARY OF DISCUSSION

The following summarizes the material pre-
sented on problem areas of turbomachinery:

1. Three areas were discussed as typical of
the high level of design sophistication required
in modern turbomachinery. These areas were

a. The effect of cavitation on blade loading
distributions

b. The relation of pump pressure fluctua-

tions to flow stability within the pump
c. The desirability and complexity of mul-

tistage turbines
2, The discussion pointed out the necessity

for extensive design efforts with particular ef-
forts to understand the internal flow processes
involved. This has become necessary because:

a. In a rocket engine system the turbo-
machinery must be closely integrated with

the other components. Turbopump efficiency

affects propellant tank size and specific im-
pulse, suction performance affects tank pres-
surization requirements and weight, and un-
stable operation could cause instabilities in
many other components of the system.

b. The development of a rocket engine is a
stepwise process. Thus, if the turbopump
does not perform as anticipated, extensive
system changes may be necessary.

c. In general, changes in the turbopump
can result in extensive space program delays.
In order to avoid such delays, it is often neces-

sary to limit the changes, and this results in
performance and/or reliability sacrifices.
3. Pumping machinery for our modern

rocket engines cannot be considered an "off the
shelf item." Because of the interrelation be-

tween turbopump characteristics and those of
the engine system, it is necessary to design a
turbopump for a given engine system rather

than adapt an existing unit.
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In tile broadest sense, all forms of combustion

are similar because they involve the reaction of

a reducing agent (fuel) and an oxidizing agent

to produce reaction products with the liberation

of beat. Such a broad concept can be useful in

bringing together the results of diverse re-

searches, but is of littIe value in guiding a par-

ticular program of research, because the

boundary conditions determine the rate-limit-

ing steps. It is these boundary conditions that

guide the research worker in the selez_tion of

theoretical and experimental approaches to the

goal of understanding or, at least, characteriza-

tion. The specialization of combustion research

or research, in general, arises when attention is

con6ned to a particular set of boundary
conditions.

If the case of a combustion wave propagating

through initially premixed gases, or the equiv-

alent, a stabilized wave in a flowing system is

considered, the problem is in the realm of clas-

sical flame studies that have occupied the atten-

tion of researchers for many decades. The re-
sults of these studies are basic to all other areas

of combustion research, since in this case it is

the chemistry that is rate limiting. Consider

next a different boundary condition of initially

unmixed gases. This produces a diffusion flame

in which the overall conversion rate is governed

by mixing rather than by chemical kinetics. A

still more complicated set of boundary condi-

tions is provided by initially unmixed liquid
or solid reactants. Rocket-combustion research

is concerned with problems arising out of this
set of conditions. In addition to flame chemis-

try and gas phase mixing, other processes should

be considered such as phase transitions, heat and

mass transfer between phases, hydrodynamics

of atomization, liquid mixing, viscoelastic be-

havior, and condensed phase reactions. There

are, of course, many ways of approaching a

complicated set of competing and sequential

processes. At the NASA Lewis Research Cen-

ter, two complementary approaches are being

followed. (1) An attempt is made to devise

simplified conceptual models of the combustion

system that can give Tmntitative predictions of

system behavior from the conservation equa-

tions; the predictions then must be checked ex-

perimentally. (2) Individual rate processes are
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studied with the hope that increased knowledge
will enable generation of more realistic models.

Of course, this kind of research also stands by

itself, since the results, ideally, represent a net

gain in the understanding of a variety of phy-

sical and chemical processes.

For this presentation_ one example of each

approach to learning is discussed in detail. Tile

first example is concerned with the interesting

phenomenon of combustion resonance and, in

particular, with the question of the magnitude

of disturbance that leads to instability or reso-

nance burning.

Under certain conditions that are not yet well
understood, one or more acoustic modes of the

combustor may be excited to large amplitudes.

For combustors with large len_h-to-diameter

ratios, the axial mode is usually observed, while

for small length-to-diameter ratios the trans-

verse or spinning transverse modes are more

apt to occur. These waves interact with the

combustion processes to produce large variations

in the local heat-release rates. From a practical

standpoint, the results are often deleterious:
increased heat flux rates can cause wall failures

and the vibration may induce structural fail-

ures. The transverse modes are especially

severe with respect to the first type of failure.

Another common mode of instability is that

produced by the coupling of combustor pressure

variations with those in the feed system. The
characteristic time for these oscillations is de-

termined by the filling time of the combustor.

This form of instability will be discussed in

the paper by J. C. Sanders.

The geometric model chosen for analysis of

the transverse mode is shown in figure 39-1.

i

FmURE 39-1.--Model used for instability analysis.

An annular section of a cylindrical combuster is

imagined, a pressure or velocity disturbance of

finite magnitude is introduced at one location,

and the growth (or decay) of the wave is com-

puted as it travels along the annulus. Simul-
taneous solutions of the conservation equations

and an expression for the burning rate are re-

quired. The equation for conservation of mo-
mentum is

_) --) --) --_ .-) -_ --) --)

5_ (pv)=--V. (pv. v)--gVP--V : _-+Wv_

According to this equation the accumulation
of momentum is the sum of the convective flow

term, the viscous dissipation term, and the mass
addition term. In nondimensional form the

equation becomes

5 /P*-)x _ P*-* -_ 1 -_

where p is gas density, v is gas velocity, v_ is

liquid velocity, w is the local instantaneous

burning rate, P is pressure, 170 is velocity of
sound, R is radius, u is velocity, and the sub-

script 0 refers to steady-state conditions. The
second parameter on the right side is a Reynolds

number based on the velocity of sound, and the

third parameter is analogous to Damkohlers

first similarity group.

The equation for average burning rate is

._(Po/300) o.5

(.. y.,(v,y.,
_/°'8(1--T')°'_ \0._/ \1-200]

where Wo and w_ are oxidant and fuel flow rates,

respectively, T, is reduced liquid temperature,
d is the ratio of combustor cross-sectional area

to nozzle cross-sectional area (AdAt), ,,,_ is mass-

medium drop size, Vj is injection velocity, and

._/is a constant that depends on liquid properties.

This equation is applicable to steady-state va-

porization, and its use here indicates two of the
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major assumptions in the development: (1)

vaporization is the rate-controlling process, and
(2) the response of the process to a disturbance
is quasi-steady state. The second assumption
is especially serious, but in the absence of data
on the time variation of vaporization it is the
best that can be done now.

- The parameters mentioned in connection with
the nondimensional momentum equation are
converted to rocket nomenclature as follows:

Burning Parameter:

Rm.ll {
poVo=-J- ¥\_- 1/

Rm
.T - ---j

Dissipation Parameter:

/ -,+I
#o __ #.oc* oRVo- 

tt0C*

'J-- RPog

where m is the fractional liquid consumption
per unit length; and c* is characteristic velocity
PoA_g/W where l_z is total mass flow rate. The
._term represents the steady-state intensity of

combustion, while the of term represents the
viscous damping. The general stability dia-

gram that results from the solution of the equa-
tions is shown in figure 39-2, where nondi-
mensional wave amplitude is plotted as a func-
tion of the ._factor for several values of the

relative gas velocity with respect to the liquid

phase. Here nv is ]_---vz] The of factor does
v0

not appear, because for the one-dimensional
case considered boundary-layer effects and
other damping processes are negligible. The
lower curves in the figure represent the thresh-
old values of disturbance amplitude that will
result in wave amplification; the upper band
represents the equilibrium amplitude of the
wave. Several interesting points are immedi-
ately apparent. No matter what flow condi-
tions are imposed, there is always a minimum
in the threshold amplitude that increases with

an increase in relative velocity (Av). This

UNSTABLE

'l_OmU_ 39--2.--Stability plot for vaporization model

with various velocity differences.

implies that low contraction ratio combustors
would be most stable providing that some way
were available to keep the liquid phase from
accelerating to gas velocity. The minimums,
which occur in a small range of ._values, in-
dicate a region of space-heating rates that
should be avoided for maximum stability. The

most interesting feature is that the theory
predicts absolute stability at sufficiently high
heating rates. Qualitatively, this means that
if the axial momentum becomes sufficiently

large, all disturbances will be damped. Cur-
rently an experiment is being initiated to check
this conclusion. A toroidal combustor several

feet in diameter will be employed, which has
been designed to obtain values of _well into
the stable region. In the absence of definitive
data, however, it might be useful to examine
qualitatively the relation between _¢and ._for
available reactor data. Such a relation is

shown in figure 39-3, where vaporization has
been assumed to control the burning process.
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It is possible to obtain a clear separation of
stable and unstable combustors. If the theory
is correct, there should be a second stable region
for values of __'much larger than those shown in
the figure. This empirical plot indicates that
the assumption of a single slow rate process may
be valid for describing the stability of a complex

system.
The second example of research is concerned

with measuring the rate of atomization of a
liquid jet by a transverse shock wave. Interest
in this question stems from the elementary no-
tion that, in vaporization-limited combustion, a
velocity disturbance or steady-state wave that

produced a rapid increase in liquid surface area
could be amplified and driven.

To simplify matters, study of the phenom-
enon has been made in the absence of combus-

tion and in a shock wave rather than an oscillat-

ing flow. A schematic diagram of the experi-
mental arrangement is shown in figure 39-4. A
variable-length high-pressure section provides
gas flows of varying duration, and the atomiza-
tion is recorded by both frame and streak photo-
graphs. Examples of the data are shown in
figure 39-5. It appears that at least two modes
of breakup occur: (1) a deformation into sheets
of liquid, and (2) atomization by streaming
from the liquid surface. The theoretical model
chosen for examination is a boundary layer on a
flat plate of liquid as an approximation of the
streaming phenomenon. The rate of atomiza-
tion is then given by the product of boundary-
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FIGURE 39-4.--Schematic diagram of experimental

arrangement.
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C5-2559b,

FIG_ 39--5.--Examples of photographic data of Jet

breakup. Shock velocity, 1655+5 feet per second;

gas velocity, 732+5 feet per second; jet diameter,
0.052 inch.

layer thickness and velocity evaluated at the
rear edge of the sheet. On the basis that sur-
face tension determines the stable length of a
liquid sheet, it can be shown that the length
should be a function of Weber number and the

square root of Reynolds number. The actual
expression for maximum length (derived from
streak pictures) is

L Weo

where R0 is the initial radius of the jet; Weo
is the Weber number Rou2p/¢ where u is the

gas velocity behind the shock wave relative
to the liquid, p is gas density, and a is interfacial
tension; and Reo is the Reynolds number
Roup/t_ where _ is gas viscosity. This linear
relation is the simplest one that describes the
data. The boundary-layer thickness and

velocity were determined by solving yon
K_rm_n's momentum equations with a modi-
fied Sanborn-Kline laminar velocity profile
for both the gas and liquid phases. The final

equation is

t _n=,_A('p,'_=/_('#,'_'/3 Ro / Reo

....

where tb is the time for complete atomization
and the other terms have their usual significance
with the subscripts g for the gas phase and 1 for
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5×10" _"

i

FZSVRE 39-6.--Comparison of experimental and calcu-

lated atomization times based on boundary-layer

theory.

the liquid phase. In figure 39-6, the meas-
ured values of breakup time are compared with
the calculated values. The arrows indicate in-

comp]ete breakup, and the dashed boundaries

are the limits of gas flow duration for the cor-

responding length of high-pressure section.
Although the agreement is far from perfect,

the model appears to be basically correct. Ex-

periments with other fluids are required to test

the theory adequately and certainly the effects
of ambient pressure and combustion need to be

evaluated. Some of these experiments are now

being conducted. Figure 39-7 shows a plot

similar to the one in figure 39-3 but with the

fractional burning rate evaluated in terms of

_t atomization. Such an empirical plot hardly

represents a test of the theory, but it does show
again that a single rate-limiting process may

be used to describe the response of a combustion

system to a disturbance.

Fzo_az 39-7.--Stability plot based on steady-state pro-

pellant vaporization.

Much more research is needed on the proc-
esses of rocket combustion, not only to satisfy

scientific curiosity but also to make a contribu-
tion to the need for ever-increasing reliability.
Experimental and theoretical work on more
realistic system models would certainly be de-
sirable. The physics and chemistry of many
other rate processes need thorough investiga-

tion, especially the response of the processes to
a disturbance. At low combustion pressures,

chemical kinetics might be expected to become
the dominant factor, while at very high pres-
sures the unburned phase may become super-
critical, and turbulent mixing could be an im-
portant process. For fuels and oxidants that
react on contact, interracial liquid-phase-re-
action kinetics may be important. Considera-

tion of initially solid reactants involves the
study of gas-solid reactions. These considera-
tions are only illustrative of the many chal-
lenges awaiting the researcher in combustion
theory and practice.
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INTRODUCTION

A million pounds of thrust for large boosters,
a few ounces of thrust for attitude control sys-

tems-this is the range in size of thrust cham-

bers that are under development today. Basic

operating principles are the same for all sizes.

The state of the art, however, is such that opti-

mum thrust-chamber designs cannot be scaled

from one size to another, and each new rocket

engine procurement requires an extensive devel-

opment program that is heavily dependent on

cut-and-try experimental tests to meet system

performance requirements.

The present state of the art of the chemical

rocket thrust chamber, its principal problems

and how they are being solved today are de-
scribed herein. The areas of research and de-

velopment that are required to provide the

necessar_¢ improvements in system performance

and operating characteristics to meet tomor-
row's needs are indicated.

The thrust chamber illustrated in figure

40-1 is typical of a liquid-bipropellant rocket,

in which the fuel and oxidizer are pumped into

a propellant injector located at the forward end

of the thrust chamber. The propellants are

sprayed into the combustion chamber from

many small orifices distributed over the face of

the injector; they then vaporize, mix, ignite_

and burn to produce high-temperature gases

that are expanded through the nozzle to give

thrust. This process occupies a total of some 3

to 4 milliseconds from injection of the propel-

lants to ejection of the gases from the nozzle.

Gas temperatures in the combustion zone vary

._ IGNITION

ENERGY CONVERSION

FIGURE 40-1.--Thrust chamber of chemical rocket.
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from 5000 ° to 8000 ° F depending upon the
propellants used; pressures in current engines
vary, with design, from 50 to 1000 pounds per
square inch absolute.

The principal requirements of the thrust
chamber are satisfactory ignition, stable and effi-
cient combustion, maximum conversion of ther-
mal to kinetic energy in the nozzle, and adequate

cooling to maintain structural integrity of the
chamber. These requirements are discussed in
some detail. Some additional requirements are
frequently involved but they are not discussed.
These requirements include thrust vector con-

trol, which is necessary to provide control of
vehicle direction and stability; hot-gas genera-
tion for supplying the turbopump drive turbine;
and energy source for heating propellant-tank
pressurizihg gases.

IGNITION

Ignition in the chemical rocket must be re-
liable, reproducible, and rapid. Reliability is
an obvious requirement. Reproducibility in
terms of reaction time is particularly impor-
tant in multiengine clusters in order that all
engines start uniformly and no excessive thrust
unbalances are produced. Ignition must be
rapid to avoid accumulation of unburned pro-
pellants, which upon finally reacting will result
in a high-pressure pulse. This pulse may be

severe enough to rupture the chamber or trigger
destructive combustion instabilities.

With hypergotic propellants, satisfactory
ignition means providing for proper mixing of
the propellants so that reaction may begin

rapidly and smoothly. With non hypergolic
propellants, it means not only mixing the pro-
pellants, but also providing a separate energy
source sufficient to initiate reaction. Various

ignition energy sources have been used; some

are i|lustrated {n figure 40-2. Electrical-spark
ignition systems have been used to produce
ignition and, in fact, are used in restartable

rocket systems that are currently under devel-
opment. These systems are similar in prin-
ciple to those used in reciprocating engines but

must operate at a much higher energy level to
assure satisfactory, ignition. The principal

problems inherent in such systems are assuring
the presence of an inflammable mixture in the

ELECTRIC CHEMICAL

SPARK INJECTION
PYROTECHNIC

C5-254.74.

I_OV'aE 40-2.--Ignition techniques for nonhypergolic

propellants.

very localized area of energy release of a spark
and providing adequate cooling of the spark
plug during engine operation. A second meth-
od commonly used for rocket ignition is the
injection of a chemical that is spontaneously
inflammable with one of the two main propel-

lants. The ignition propellant is introduced
simultaneously with the appropriate main pro-
pellant. Reaction is initiated. The other
main propellant is then injected and reacts,
completing the ignition sequence. The ignition
propellant may be injected separately into the
combustion chamber, as illustrated in figure
40-2. Sometimes it has been introduced as a

"slug" of liquid directly within one of the pro-
pellant feed systems; the slug is initially iso-
lated from the propellants by frangible dia-
phragms. The third system shown in figure
40-2 is the pyrotechnic, which is simply a

solid-propellant charge located near the injec-
tor. The solid propellant charge is ignited by
an electric pulse. The resulting combustion
provides the energy source for main-propellant
ignition. For rocket systems requiring but one
sta,'t, the pyrotechnic method has been favored

because of its simplicity and reliability. The
charge can be designed to provide a large excess
of energy, and this energy can be distributed
over a substantial volume of the chamber. A

major problem encountered in use has been

damage to the thrust-chamber walls by the
burning solid charge. The scheme is not appli-

cable to systems requiring multiple starts.

Two additional ignition methods are catalysts

and propellant additives. These methods are,

as yet, only laboratory curiosities that require
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much more research and development effort

before they can be considered for application.

Promising research has been conducted on

ozone 1)ifluoride (O_F__) as an additive for li-

quid oxygen to induce hypergolic ignition with

hydrogen. Laboratory experiments have indi-
cated that ozone bifluoride concentrations as

low as 1 part in 2000 are sufficient to provide

ignition. The nature of the reactions involved

has not been determined, and tile practical

applicability of this technique has not yet been

defined. Research in this area is continuing.

Platinum has been considered as a potential

catalyst for hydrogen-oxygen ignition. This

area, although promising, has been little ex-

plored. Research into the nature of catalyzed

reactions at very low temperatures (40 ° to 140 °

R) is required.
In general, ignition systems have been de-

veloped to a satisfactory level of reliability to

meet the requirements of rocket systems now in

use. There has not yet, been enough experience,

however, in deep-space propulsive flights to

assure that these same systems are adequate for

the more sophisticated missions now planned.

Also, the introduction of the high-thrust engine

intensifies the problem of igniting a large vol-

ume of propellant mixture in a controlled fash-

ion that will assure establishing stable combus-
tion conditions. The introduction of man into

our rocket-propelled flights imposes greatly in-

creased reliability requirements on critical com-

ponents such as the ignition system. Additional

effort is required to define better the potential

capabilities of some of the more advanced sys-

tems that. have been investigated. Passive

systems such as additives and catalysts warrant

particular attention in the laboratory since such

systems have potentially higher reliabilities.

Most of the effo_4 must be concentrated on hy-

drogen-oxygen since a very large part of our

space propulsion development is committed to

this combination.

COMBUSTION, EFFICIENCY

The potential space mileage from a chosen

propellant combina¢ion is represented by its

theoretical specific impulse. How well this po-

tential is translated into actual perfornmnce is a

function of two principal factors, combustion
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FIeURE 40-3.--Effect of injector element design on

performance.

efficiency and exhaust-nozzle efficiency. Com-

bustion efficiency is most dependent on the de-

sign of the propellant injector. A number of

basic injector designs have been evolved during

the course of development of our current en-

gines; within these basic designs, thousands of
variations in details are frequently tested before

a satisfactory design is achieved. Some of these

basic designs are illustrated in figure 40-3 : (1)

parallel jets that yield poorly atomized streams

of propellant and do not promote cross mixing
of the fuel and oxidant streams, (2) parallel

sheets that are produced by pairs of fuel-on-fuel

and oxida.nt-on-oxidant impinging jets and give

improved atomization but still limited mixing,

and (3) fuel-on-oxidant impinging jets that

promote both mixing and atomization. The

first set of curves shows the effect of injector de-

sign on the characteristic velocity, which is a

measure of combustion efficiency. As might be

expected, improvements in atomization a_d

mixing reflect directly in improved perform-

ance, with experimental results ultimxtely ap-

proaching the theoretical maximum. The next

set of curves of gas velocity and combustor

length verify this improvement by showing

that with improved atomization and mixing,

combustion takes place more rapidly, that is,

closer to the injector. These data were obtained

with a liquid-oxygen-hydrocarbon propellant

combination.
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F2OCRE 40-4.--Multtelement 15,000-pound thrust

injector.

In addition to its function in atomizing and

mixing the propellants efficiently, the injector

must provide a uniform distribution of mixture
over the cross section of the chamber in order

to make maximum use of the combustion space.

Thus, injectors generally incorporate a large

number of individual elements. As an example,

figure 40-4 shows the face of an injector for a

15,000-pound thrust chamber; this injector con-
tains 2i6 fuel and oxidant elements. If a

1,500,000-pound-thrust system were scaled up

from this injector on a logical basis of constant

thrust per element, 21,600 elements would be

required. The fabrication of such injectors for

a large rocket-engine development program

would be extremely time consuming and

expensive.

Two vital needs are evident: (1) quantitative

criteria for injector design to reduce the num-

ber of injectors reqlfired to be investigated in a

development program, and (2) simpler designs

capable of higher thrust per element without

sacrifice in performance. These needs will be

even more critical in the development of propul-

sion systems that include a throttling capabil-

ity, since such systems may utilize more com-

plex, variable-geometry injection elements.

The manned lunar landing is an outstanding ex-

ample of a mission requiring this kind of in-

creased operational flexibility.

COMBUSTION INSTABILITIES

If combustion efficiency were the only con-

sideration, the choice of injector design would

be reasonably straightforward; however, two

other important requirements of the thrust
chamber become involved: combustion stabil-

ity and thrust-chamber durability. Experience

indicates that thrust chambers with injectors

providing high performance are frequently

prone to combustion instabilities. The paper

by Gerald Morrell and Richard J. Priem dis-

cussed fundamental studies of combustion in-

stability. Some practical aspects of the prob-

lem are discussed briefly herein.

As has been noted, there are two principal

kinds of instability, low-frequency "chugging"

and high-frequency "screaming." Chugging is

discussed in relation to control systems in the

paper by John C. Sanders and Leon M. Wenzel.

The most troublesome and least understood kind

of combustion instability is the high-frequency

screaming. The effect of such instabilities on

thrust-chamber operation is illustrated in figure

40-5. Shown in figure 40-5(a) is a pressure

trace typical of these oscillations. The fre-

quency is inversely proportional to the chamber

and in most applications is greater than 1000

cps. The predominant mode of damage is not

a direct result of the pressure excursions_ but

rather it is a result of the scrubbing action of

the oscillating gases causing very large in-
creases in heat-transfer rate at the thrust-

]mRESSURE
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.... TIME C$-_5h03

(a) Chamber pressures with screaming.

FIGURE 40-5.--High-frequency instability.
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CS-25k05

(b) Failure resulting from screaming.

FIGURE 4_5 (Concluded) .--High-frequency instability.

chamber wall. A failure resulting from

screaming in a laboratory thrust-chamber unit

is shown in figure 40-5(b). The "burnout"

Occurred at the face of the injector, and the burn

patterns indicated a rotary motion of the wave
front. The severity of the heat-transfer in-

crease is indicated by the fact that burnout

occurred in approximately 1/_ second with a

water-cooled chamber designed to provide a

substantial cooling margin under stable com-
bustion conditions.

One remedy for this mode of oscillation that

has been widely investigated experimentally is

the use of baffles on the face of the injector to

• .-...'.'. _.'......

FIGURE 40-6.--Injector with baffles.

compartment and break up the rotary motion.

Figure 40-6 depicts an injector combining ru-

dial baffles and a circular, centrally located
baffle. The radial baffles are intended to pre-

vent tangential oscillations while the circul,_r

baffle is intended to prevent radial oscillations.
The nmnber of baffles, their design, and their

dimensions are all parameters that thus far

must be determined experimentally•

Other possible means of eliminating or allevi-

ating destructive high-frequency oscillations

include variations in injector element patterns

and thrust-chamber wall contours• These de-

sign "fixes" generally require prolonged and

costly cut-and-try experimentation; and_ while

they should receive consider'_ble attention in
our future thrust-chamber research, what is

needed above all is a precise theoretical model

of the entire combustion process that will uc-

count for the combustion-oscillation character-

istics as well as the combustion-efficiency char-

acteristics. Research of the type described in

the preceding paper is directed toward the

achievement of such a model. The complexity

and diversity of this problem are such that a

_'eat deal of imaginative research, both ana-

lytical and experimental, must be conducted in

order to expedite its solution.
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EXHAUST NOZZLE

The exhaust nozzle converts the thermal en-

erg-y resulting from combustion into kinetric

energy and, hence, into thrust by expanding the

combustion gases to high velocity. In the

atmosphere the degree of conversion is limited,
since a conventional rocket nozzle cannot ex-

pand gas to velocities corresponding to pres-
sures below ambient without incurring an over-

all thrust loss. In space there is no funda-

mental limit to expansion, since the ambient

pressure is essentially zero.

The effect of altitude, or ambient pressure,

on nozzle performance is illustrated in figure

40-7. Specific impulse in pounds thrust per

pound flow per second as a function of altitude

is shown for two nozzles, one with an expan-

sion area ratio of t3, the other with an expan-

sion area ratio of 50. The propellant combina-

tion is liquid oxygen-kerosene. At low alti-

tudes, the large nozzle overexpands the working
fluid to the extent that considerable thrust and,

hence, specific impulse is lost. In practice, tile
loss is less than shown on this cum, e. At some

point the flow no longer remains attached to the

wall of the nozzle, flow separation occurs and the

thrust loss due to a negative pressure differen-

tial is reduced. At higher altitudes, the more

completo expansion possible with the larger

nozzle yields considerably higher performance.

Thus, there are two entirely different problems

in the design of this component. One is con-

cerned with the rocket, engine operating in an

Earth-launch trajectory. Since the engine will

traverse a broad range of ambient pressures,

Fi(_vlm 40-7.--Effect of altitude on no_le performance.
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FIOURE 40_.--No'zzle configurations and performance.

it cannot be designed to provide ideal expansion

throughout its flight. A compromise design

must be chosen to maximize the integrated im-

pulse over the intended trajectory. The prob-

lem prompts investigation of potentially more

flexible nozzle designs that may allow near-

optimum expansion over a wider pressure range.

For propulsion in space, the nozzle is designed
to achieve the highest degree of expansion pos-

sible within the size envelope allowable in the

vehicle and without imposing overall weight
penalties on the vehicle.

Some design approaches that have been taken

in the development of high performance, light-

weight rocket nozzles are illustrated in figure

40-8. The first and second designs represent

the low- and high-area-ratio nozzles of the

preceding figure. These are 15 ° conics with

sea-level and space specific-impulse values as

noted. One approach to decreasing the size

and the weight of the large-area-ratio space

nozzle is to increase the divergence angle, as

represented by the third design. Becau_ of

the increased divergence, there is a larger non-

axial component of thrust produced by the ex-

isting gas; hence, some performance is lost.

The fourth design is the contoured or "bell"

nozzle. The contouring allows expansion per-

formance at a given area-ratio equivalent to the

15 ° conical nozzle, but at only 75 to 80 percent

of the length. Exit divergence loss is mini-

mized in this design.

48



CURRENT RESEARCH AND DEVELOPMENT ON THRUST CHAMBERS

The last design is the "plug" nozzle, which

essentially allows free expansion of the gases.
It not only provides a very short length, but
also it has the added advantage of selfadjust-
ment of the exhaust flow to the ambient pres-
sure conditions. Its performance tends to

match that of u high-area-ratio nozzle at high
altitude and that of a low-area-ratio nozzle at

low altitudes. Thus, it represents an approach

to the icleal booster nozzle. Some promising ex-
perimental work has been accomplished with
this design; the disadvantages are found pri-
marily in physical hardware problems. Severe
wall-cooling problems result from the fact that
tile maximum heat-transfer rate, which occurs
in the throat region, is also in the region of

maximum surface area. Large amounts of
cooling, or superior cooling techniques, would
be required to assure adequate durability of this
design.

In addition to the plug nozzle, a number of
other promising designs have been proposed to
improve off-desig_ performance, weight, and

size. These designs include shrouded, annular,
reverse-flow, and expansion-deflection nozzles.

Further theoretical analyses may evolve still
others. High-thrust booster engines and high-
area-ratio space engines alike have ever in-
creasing needs for more compact, lighter weight
nozzles.

One final factor affecting nozzle performance
is the extent of chemical recombination. Ex-

%,.
permnce has shown that all nozzles suffer, in
varying degrees, losses in performance that re-
sult from the less than maximum recombina-

tion of the highly dissociated combustion gases.
The actual loss is a function of the propellants
used, the combustion conditions, and the nozzle-
design factors. The problem is not yet
amenable to design approaches. Present tech-
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FIOURE 40-9.--Thrust-chamber cooling techniques.

nology has not provided us with adequate
means of measuring or characterizing the
chemical kinetic processes occurring during ex-
pansion so that possible solutions may be
evolved. The need for basic research on chemi-

cal recombination, particularly under low-
pressure conditions, is clear.

DURABILITY

The last principal thrust-chamber require-
merit, durability, is closely related to nozzle
design, combustion efficiency, and combustion
stability. Large nozzles, and in particular

some unconventional designs, impose increased
cooling demands. Injectors that promote rapid
combustion for high efficiency create injector
and wall-cooling problems. Combustion in-
stabilities can result in destructive levels of
wall heat. flux.

The four primary methods of cooling the
walls of a thrust chamber are illustrated in

figure 40-9. The first method is regenerative
cooling, whereby one of the propellants, gen-
erally the fuel, flows through coolant passages
in the wall of the thrust chamber prior to being

injected into the combustion chamber. The
second cooling method is ablation. The abla-
tion process is basically one of dissipation of
heat from the boundary layer by the decom-
position and/or melting and vaporizing of the
wall materials. While the regenerative cham-
ber achieves equilibrium during operation, the
ablative chamber continues to be eaten away
and, hence, is a duration-limited system.

3Iost rocket thrust chambers that are in use

today or are under development utilize one of
these first two cooling methods. Tile third cool-

ing method is radiation. The chamber wall in
this case is a single thickness of high-

temperature metal. IIeat absorbed from the
combustion process is radiated to space. The
last method, the heat sink, has little application
other than in research installations. The walls

of a heat-sink chamber are made heavy enough
to provide a sufficient heat capacity so that,
for short duration operation, wall temperatures
do not exceed the design limits.

Two additional basic methods of cooling are
available to the thrust-chamber designer: (1)

film cooling the wall by introducing a fraction
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of the flow of one propellant near the wall, and

(2) transpiration cooling by introducing a part
or all of one propellant through a porous liner
in the chamber. Both methods tend to incur

serious performance penalties and, hence, have

not been used to any extent as a primary cool-

ing scheme. Film cooling in particular, how-

ever, is frequently applied to augment the pri-

mary cooling scheme.
Most of the current research on regenera-

tively cooled chambers has been directed toward

the application of hydrogen for cooling of

hydrogen-oxygen thrust chambers. This fuel
is an excellent coolant because of its high heat

capacity and because it does not decompose as

do some fuels, for example, hydrazine. Be-

cause of these excellent cooling capabilities,

hydrogen-oxygen thrust chaml)ers that are now
under development could be desiglled rather

conservatively. The coolant is, in general,

more than adequate for the job. Two areas of

future activity, however, will involve greatly
increased heat-flux conditions; the cooling mar-

gin will diminish, and more precise predictions
of the beat-transfer characteristics will be re-

quired. In particular, local rather than over-
all heat transfer and transient as well as

steady-state conditions will need consideration.
One of these areas is the hydrogen-fueled,

nuclear heat-transfer rocket; the other is the

compact, high-pressure, high-thrust chemical

rocket. Figlire 40-10 is a plot of the relative

value of heat-transfer coefficient for hydrogen

against the ratio of wall to bulk-coolant tem-

perature. The different curves represent cor-
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FIGURE 40-11.--Thrust-chamber ablation rates.

relations by different experimenters. The

solid portions of the curves represent the ranges

of experimental data; the dash portions rep-

resent the extrapolations. For temperature

ratios currently encountered, the correlations

represented predict at)out the same value of
beat-transfer coefficient. The nuclear rocket

and the high-pressure chemical rocket, however,
will involve coolant-side heat transfer at wall-

to-bulk-coolant temperature ratios that are well

beyond the experimental conditions. The cool-

ing potential of hydrogen at these very high

heat-transfer rates must be precisely deter-

mined. Tube-type heat-transfer experiments
under boiling and nucleate boiling conditions

are needed. Also, the cooling requirements of

these high heat-flux applications are not yet

sufficiently well understood. The achievement

of precise methods of predicting local as well

as overall heat-flux rates will require analytical

studies coupled with high heat-flux thrust-
chamber tests.

The durability of an ablatively cooled thrust

chamber is represented by its ablation rate, the

rate at which material is removed from the wall.

The variation of ablation rate with gas tempera-

ture and combustion pressure is illustrated in

figure 40-11. It can be seen that ablation rate

increases rapidly as temperature is increased

and that higher pressures also result in higher

ablation rates. These data imply that the ap-

plication of ablation cooling may be restricted

to relatively low-pressu.re systems. While such

systems are feasible for low-thrust application,

they become impractical for high thrust appli-
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cations. For example, the design of a 50-

pounds-per-square-inch booster engine of

1,500,000-pounds thIalst would require a com-
bustk)n chamber With a diameter of about. 14

feet. The temperature effect on ablation can-

not be easily circumvented by design since high

perfolnnance generally means high gas tempera-
tures.

Much of the ablative material technology that

is in use today for rocket engines has stemmed

from atmospheric reentry hardware develop-

ments. The conditions are so different that op-

timum materials for the reentry condition are

not necessarily also optimum for the rocket

chamber walls. Therefore, considerably more

effort needs to be expended on materials research

specifically for rocket thrust chambers in an

effort to develop ablative materials that are

better able to withstand higher gas tempera-

tures and higher pressures.

Radiation cooling is also restricted to special

applications that involve low heat flux condi-

tions, for example, nozzle extensions and very-

low-pressure combustion systems. Surface

temperatures of a radiation-cooled chamber are

above the melting points of many of the more

conventional alloys. The kinds of materials

that must be considered include molybdenum,

tungsten, and tantalum; fabrication techniques

for these materials must be advanced if they

are to be applied to thrust chambers. Even at

wall temperatures well below the melting point

of the material, durability can be considerably

reduced by rapid corrosion of the walls. This

problem calls for research on high-temperature

protective coatings. Such coatings must with-
stand thermal shocks and vibrations.

SUMMARY

This brief review of the state of the art of

the chemical-rocket thrust chamber has con-

sidered its principal requirements: ignition,

combustion, exhaust-nozzle expansion, and dur-

ability. In each of these areas, the hardware

technology required to produce satisfactory sys-

tems for today's needs is _eneraIly available.

Additional research and development, however,

is required to provide a better understanding

of the processes involved so that new require-

ments can be met without repeating a multitude

of cut-and-try experiments. Many areas exist

where improved performance and increased

operational flexibility would be highly desirable

and, in fact, will be necessary for sophisticated

space missions.

The kinds of problems that have been dis-

cussed relate to a number of basic fields of study.

Analytical and experimental research is needed

on ignition processes, including catalysis; the

physics of propellant atomization and mixing;

combustion dynamics; fluid flow and heat trans-

fer under high-heat-flux conditions, nozzle aero-

dynamics, and high-temperature materials with

particular emphasis on ablative compositions.

This research is most urgently needed for the

development of hydrogen-oxygen rocket sys-

tems but should also recognize potential future

applications of other high-energy propellant

combinations such as hydrogen-fluorine.
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INTRODUCTION

Some of the problems will be examined herein
that arise when a complete propulsion system

is assembled. The problems discussed are dy-
namic ones--the problems of system stability
and control. In the interest of brevity, the

problems will be illustrated by reference chiefly
to the hydrogen-oxygen rocket. After describ-
ing some possible rocket systems and some of
the necessary control functions, the study will
delve into dynamic properties of components
of rocket systems that influence system stability
and control. Then some of the effects of com-

ponent dynamics on system stability, design,
operation, and control will be illustrated.

DESCRIPTION OF COMPLETE ROCKET SYSTEMS

One of the rocket systems where pumps are
used to supply propellants to the combustion
chamber is shown in figure 41-1. The heat

picked up by the hydrogen as it circulates
through the coolant jacket of the combustion
chamber and nozzle is sufficient to drive a tur-

bine. The gas exhausted by the turbine is then

injected into the combustion chamber. This

PUMP FED

PUMP L_

PRESSURE FED

O._ TANK PRESSURE"_::_,--,3,_

CONTROL VALVE S_...,_

[_PUMP

/_MIXTURE

__ VALVE /

.t_.llCONTROL LIMITS: I

/t_ • CHAMBER PRESS. |1

I_" " MIXTURE RATIO |_

'"_ FLAMMABILITY I
WALL TEMP, t===

FZGURS 41-1.--Two flow systems for a chemical

rocket.

pumping arrangement is called the topping
cycle. Control in the topping cycle is achieved

by manipulation of the turbine valve to regulate
thrust and the mixture valve in the oxygen pro-

pellant line to maintain desired mixture ratio.
A pressure fed engine is also shown in figure

41-1. The pressure in the propellant tanks is
sufficient to force the two propellants through

the injector into the combustion chamber. The
hydrogen is first circulated through the coolant
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system.

jacket. In the pressure-fed en_ne the pres-

sures in the supply tank can be re_llated to

yield the desired chamlJer pressure and mixture
ratio.

Among the control limits are chamber pres-

sure (which is proportional to thrust), mixture

ratio, and turbopump speed. High chamber

pressure and high turbopump speed can cause

injuriously high material stresses, and even

rupture. Limits on mixture ratio are flamma-

bility limits and high gas temperature near
stoichiometric mixture, which can cause over-

heating of the walls of the combustion chamber.

DYNAMICAL ELEMENTS OF ROCKET

Four of the elements of the rocket that con-

tribute significantly to system dynamics are

shown in figure 41-2. First is the turbopump.

Its inertia causes a comparatively slow response

of pump speed to a disturbance. The cooling

jacket intr(xluces the characteristic dynamics

of a heat exchanger, which may be simplified

to a rough approximation containing a heat-

transfer term and a flow term. The elasticity

of the injector is significant to high frequency

stability, as are the combustion dynamics,
herein described in terms of dead time and

time constant.

COMBUSTION DYNAMICS

The properties of combustion dynamics and

their significance in determining flow system

stability are illustrated in figure 41-3. The

figure shows that, if a step change in oxygen

"5 V STABLE /

/INJECTOR\ LLATORYIPRESSUREt'3 I __C

\ DROP ] I _:>" OXYGEN FLOW

{ CHAMBER _2 L /" _I CHAMB(R

,PRESSURE,'| //

,,ME ,o_ ,,l I
.0001 .001 .01

DEAD TIME, SEC
C5-_55_6

FIGURZ 41-3,--I)estabilizing effect of dead time on pro-

peltant flow system. Time constant, 0.001 second.

flow is introduced, the chamber pressure shows

no change for a period q, called the dead time.

Then the pressure rises with a characteristic

time constant r. The dead time, which is as-

sociated with the drop atomization, mixing, and

ignition, is more disastrous and less understood

than the time constant, which is like an aero-

dynamic filling time.
The effect of this dead time on stability is

shown in figure 41-3. In general, as the dead

time increases, the injector pressure drop re-

quired to ensure stable propellant flow increases,

thereby increasing the required supply pressure.

Operating conditions that influence dead time

are shown in figure 41-4. The dead time is

shown to decrease with increasing chamber

pressure and decreasing oxidant-fuel ratio. It

is possible that the injection velocity of the

liquid propellant (oxygen, since the hydrogen

is heated in the cooling jacket) is more sig-

nificant than chamber pressure.

............................ _UPPL_

:MEASURED

- DEAD

TIME. _,

- MiLLISEC

t I 1 II I I _--
4O 6O IO0 200 3O(9 __L_J

CHAMBER PRESSURE, LB/SO iN

FmURE 41-4. Control dynamics of a rocket combustion

chamber using hydrogen-oxygen propellant.
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It is worthy to note the extremely short dead

time for the hydrogen-oxygen propellant com-

bination. Kerosene and other nonhypergolic

storable propellants have dead times five times

as great. With hydrogen-fluorine, on the other

hand, the dead time has been immeasurably

small. Thus, the order of stability from stable

to unstable is: hydrogen-fluorine, hydrogen-

oxygen, storable nonhypergolic.

STABILITY OF PRESSURE-FED ENGINE

One of the instances where instability

plagues the propellant system is while "throt-

tling" or reducing the thrust of a pressure-fed

engine. This propensity to oscillate is the re-

sult of the low injector pressure drop encoun-
tered at low thrust. The injector pressure drop
had been set at a low value even at full thrust

to avoid tank pressure and high tank weight.

The stability bounds, shown as a function of

throttle range for a selected rocket, are pre-

sented in figure 41-5. The throttle range is
the ratio of maximum thrust to minimum

thrust. In each curve, operation at oxygen

pressure drop below the curve will result in
oscillation at the minimum thrust.

An interesting feature of the figure is that

reducing hydrogen injector pressure drop can

be achieved by a moderate increase in oxygen

pressure. Such a trade is desirable since the

hydrogen tank is larger, and weight savings

are realized at the lower tank pressure. The
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FIOVRE 41-5.--Injector flow stabi]ity limits of hydro-

gen-oxygen engine. Dead time, 0.001 second; time

constant, 0.00085 second; elasticity, 10 -_ inch s per

pound _.

._TANK

-TURBINE i
_VALVE

- COHBUSTI( i

_COOLiNG i
t a_cKet

FIG_m 41-6.--Startup of a hydrogen-oxygen rocket-

topping cycle (oxygen not shown).

reason for the insensitivity of stability limits

to hydrogen injection pressure drop is the heat-

ing of the hydrogen in the coolant passages be-

fore injection. Also shown is the fact that high

oxygen pressure drop must accompany large
throttle ratio if stability is to be achieved.

Throttle ratios as high as 10 have been obtained
in tests.

STARTUP OF PUMP-FED ENGINE

The startup transient of the pump-fed engine

is influenced by pump inertia, turbine torque,

and particle passage time through the coolant

jacket more than by combustion-chamber dy-
namics. An idea of the quickness of accelera-

tion may be obtained from Figure 41-6. The

rapidity with which the thrust approaches max-
imum shows that an accurate, quick-acting

control is needed to prevent going to such high

overload that damage is incurred. Control

frequency responses up to 10 cycles per second
are needed.

THRUST MANIPULATION WITH PUMP-FED

ROCKET

Once the rocket has been started, the problems

arise of manipulating the thrust to desired

values quickly and stably. In the problem of

injector system instability previously discussed,

additional problems associated with the pump
are encountered. Two of these pump problems

are pump stall and flow instability resulting
from a static characteristic of the pump.

These problems are illustrated in Figure 41-

7, where deceleration from full thrust at point
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FIGURE 41-7.--Oscillations in a rocket flow system In-

duced by pump flow characteristics.

A to a lower thrust at point B was attempted.

A rather severe oscillation was induced, and

the stall limit was approached with a danger-

ously small margin. The cause of the oscilla-

tion was traced to the slope of the pump pres-

sure delivery characteristic at constant speed.

A positive slope produces a less stable flow sys-

tem than does a negative one. Inspection of

Figure 41-7 shows that the deceleration tran-
sient caused the pump to operate in a less stable

positive slope region. Furthermore, at the

lower thrust level, point B, the steady-state

operating point is in a less stable operating

region (more positive slope of pump character-

istic) than point A. Throttling to an even

lower operating point than B could have re-

sulted in failure of the system to even reach

steady state. The results shown were obtained

from an analog computer study that simulated

an actual experience.

Thus, the figure shows that oscillation of the

entire flow system can be induced by a positive
slope of the pump characteristic and that the

steady-state throttling range can also be limited

by the same pump characteristic.

FURTHER WORK NEED ON CHEMICAL ROCKETS

The technology of control and dynamics of
chemical rockets is far advanced as a result of

long intensive research and development. Dy-

namics of combustion, however, are worthy of

further investigation, although many investi-

gators have worked in this field. Only in the

very simple chemicals has the knowledge of

dynamics reached a degree of usefulness, and

even here the dynamics at low pressure are not

thoroughly developed. Certain knowledge of

the dynamics of storable propellants useful for
course corrections and of attitude control of a

space _ehicle would improve the capability to

modulate the thrust, and thereby enhance the

usefulness of these propellants.
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ConcludingRemarks

By Walter T. Olson

For a somewhat detailed picture of certain

key technology in the chemical-rocket field, it

is necessary to discuss one thing at a time. In

real life, however, things usually do not happen

one at a time. Thus, the importance of viewing

a propulsion system as a system must be
stressed.

In order to achieve needed reliability in fu-

ture high-performance systems of increasing

sophistication, high quality must be specified

and designed into all components at inception.
Problems arising from unfavorable interac-

tions of components also nmst be avoided. The

paper by John C. Sanders and Leon M. Wenzel

has detailed some examples in system dynamics;

some further examples selected from past oc-

currences and experiences are: (1) The pump
blades should not stimulate or excite resonant

frequencies in such tender parts as an injector

face. (2) The state and the flow rate of gas
to drive a turbopump must be controlled to keep

the pump flows within the stall and the surge

limits of the pumps ; and, to complicate matters,

the pump delivery, in turn, may be affecting

the gas flow to the turbine. (3) The cooling

passages of a thrust chamber must accommodate
the local heat transfer, which, in turn, is

strongly a function of the combustion pattern

produced by the injector design. (4) Propel-
lant-flow lines can be harmfully in tune or

safely out of tune with fluctuating gas pressure

in the combustor. (5) Pump design must allow

for enough delivery pressure to ensure enough

pressure drop for cooling needs and for injec-
tion with stable combustion.

Reliability is a quality in the initial concept

of the complete system and its parts. The de-

signs and systems that are being and will be
created are too intricate and specialized, and

the performance of their components is too in-
terrelated for uninformed tinkering. A de-

velopment nmst start right, not just because

subsequent attempts at fixes may be costly and

time consuming, but also because fixes may be

impossible.
There is a continuing need for emphasizing

training in the basic principles of engineering
and science, so that even while working on a

specialty the engineer or scientist will have a

broad, interdisciplinary point of view. The

scientists and engineers that are trained for the

future must have the ability to see the problems

of whatever they undertake with clarity and

completeness. Such comprehension comes by

use of the fundamental principles of physics,

chemistry, mechanics, metallurgy, electricity,

etc., to create a conceptual quantitative model of

the device or the system. Both high-quality

components and their harmonious blending
come from an understanding and appreciation

of the physical processes and phenomena at

work in a particular operation.
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